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1. Introduction 

Over a century after their discovery, the measurement of the energy spectrum of ultra-high en¬ 
ergy cosmic rays (UHECRs) remains as one of the main issues within the field, being fundamental 
to the unveiling of the origin of these particles and understanding their propagation. The Pierre 
Auger Observatory [1,2] has collected high-quality data for more than 10 years, which has already 
led to a measurement of the flux of UHECRs above 3x10^^ eV with unprecedented statistics. Two 
relevant spectral features have been established beyond doubt: the hardening in the spectrum at 
about 5 X10^* eV (the ankle), and a strong suppression of the flux at the highest energies. The ac¬ 
curate measurement of the spectrum, combined with results from the study of the mass composition 
and of the distribution of the arrival directions of the primaries over the sky, presents a challenge 
for astrophysical modelling of origin and propagation of UHECRs [3] . 

The energy spectrum can also be exploited to study the distribution of cosmic-ray sources by 
searching for a flux variation with declination (5) of the incoming directions. This study is of 
particular interest to the discussion of the difference seen in the suppression region between the 
spectra measured by Auger and by the Telescope Array (TA) experiment [4], which, despite being 
still compatible within the quoted systematic uncertainties of both experiments, is not understood 
so far. We also expect to find a 5-dependence of the measured flux compatible with the hint of a 
dipole anisotropy for cosmic rays with energies above 8 x lO'^ eV recently reported in [5,6]. 

This paper deals with the energy spectrum of UHECRs obtained by combining the measure¬ 
ments of the surface detector array (SD) and the fluorescence detector (ED). The SD, spread over an 
area of 3000 km^, is composed of a baseline array of 1600 water-Cherenkov detectors separated by 
1500m in a hexagonal grid, and a smaller nested array of 49 additional detectors spaced by 750 m 
covering an area of 24 km^. The ED comprises 27 telescopes at 5 perimeter buildings viewing the 
atmosphere over the array. The hybrid technique developed exploits the large aperture of the SD, 
operating continuously, as well as the calorimetric measurement of the shower energy deposited in 
the atmosphere obtained with the ED which, by contrast, has duty cycle limited to clear moonless 
nights (13%). This allows energy-spectrum measurements weakly reliant upon shower simulations. 

2. Measurements of the cosmic-ray energy 

The ED allows the measurement of the electromagnetic energy released by the shower in the at¬ 
mosphere as a function of the atmospheric depth, AE/AX. The total primary energy is then derived 
by integrating this longitudinal profile over the A-range and adding an estimate of the so-called “in¬ 
visible energy” earned into the ground by high-energy muons and neutrinos. The shower-energy 
estimated with the ED, £'FD^ has a total systematic uncertainty of 14% [7]. The hybrid measure¬ 
ment is based on the selection and reconstruction of showers observed by the ED in coincidence 
with at least one SD station, which enables an accurate determination of the shower geometry and 
consequently of the energy of the primary particle. To ensure good energy reconstruction, only 
events that satisfy strict quality criteria are accepted [8]. 

The SD samples the shower particles that reach the ground. The intensities of the signals 
registered in the stations of the SD are used to quantify the shower size and the impact point of the 
shower axis on the ground. The reconstruction technique used depends upon the zenith angle (0) 
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SD-1500m 

SD-750m 

Hybrid 


vertical 

inclined 



Data-taking period 
Exposure [km^ sr yr] 
Zenith angle [deg] 
Threshold energy 

Number of events 

01/2004-12/2014 

42500±1300 

0-60 

3x10'** eV 

102901 

01/2004-12/2013 

10900±300 

60-80 

4x10*® eV 

15614 

08/2008-12/2014 

150±5 

0-55 

3x10*^ eV 

61130 

11/2005-12/2013 
1500±20at 10*® eV 
0-60 

10*® eV 

9346 

Number of hybrid events 
Energy scale (A) 

Energy scale (B) 

Energy resolution [%] 

1731 

(0.1871 ± 0.004) EeV 

1.023 ±0.006 

15.3±0.4 

255 

(5.71±0.09) EeV 
1.01±0.02 

19±1 

469 

(12.87± 0.63) PeV 
1.013±0.013 

13±1 



Table 1: Summary of the experimental parameters describing the different data sets used to measure the 
energy spectrum at the Pierre Auger Observatory. 


of the incoming direction which defines the amount of atmosphere traversed by the shower, and 
therefore the level of attenuation of the shower components. We distinguish between cosmic-ray 
showers with 6<60°, defined as vertical evenfs, and fhose wifh 60°<6<80°, defined as inclined. 

For vertical evenfs, fhe energy estimator is fhe observed signal ^(ropt) af an optimal disfance 
fopt from fhe shower axis [2]. The energy estimators are ^(lOOO) and ^(TSO) for fhe 1500 m and 
750 m arrays respecfively. For a given energy, fhe value of ^(ropt) decreases wifh 0, due fo fhe 
aftenuafion of fhe shower parficles in fhe afmosphere and geomefrical effecfs. The Constant Inten¬ 
sity Cut mefhod is used fo correcf fhe energy estimator ^(lOOO) (S(450)) for fhe 0-dependence and 
esfimafe fhe signal 538 (*^ 35 ) thaf fhe shower would have produced af fhe median zenifh angle of 38° 
(35°). Inclined evenfs are reconsfrucfed using a differenf procedure [9] since muons dominate the 
SD signals, developing asymmetric footprints at ground due to the geomagnetic field. The energy 
esfimafor, N\^, is defined as fhe normalisation of fhe muon confenf of a parficular evenf relafive fo a 
reference 2D muon disfribufion af ground, derived from simulafed profon showers wifh an energy 
of 10^^ eV for a given arrival direcfion. N\^ is fhus independenf of fhe zenifh angle. To ensure a 
good reconsfrucfion, only evenfs well-confained in fhe SD array are selecfed. This fiducial frigger 
requires fhaf fhe defector wifh fhe highest signal is enclosed in a hexagon of 6 active stations. 

The absolute calibration of the SD is inferred from a high-quality subset of hybrid events used 
to calibrate the SD energy estimators with the calorimetric energies measured with the FD (full 
details in [9, 10, 1 1]). Only events with energies in the range of full efficiency of fhe SD (see values 
in Table 1) are used in fhe calibrafion. Here we updafe fhe SD energy scale using hybrid dafa up fo 
31 Dec 2013, increasing fhe dafa samples by abouf 20% wifh respecf to fhose used previously. The 
correlafions befween fhe differenf SD energy estimators and Ffd are well described by a simple 
power-law function FpD = ^ wifh S = ^ 38 , ^35 or Nii). We til fhis function to fhe selected dafa 
using a failored maximum-likelihood mefhod [12] (see Fig. 1). The besf-fif parameters are given 
in Table 1 . Allhough slalislical uncerlainlies of fhe calibration consfanfs A and B affecf fhe SD 
energy scale, fheir confribufion is small (af fhe few % level), decreasing as fhe number of evenfs 
increases. The main confribufion fo fhe syslemalic uncerlainly in fhe SD energy scale comes from 
fhe uncerlainlies on Fpo thaf are correlaled befween differenf showers. This means lhal fhe SD 
shares fhe uncerlainly of fhe FD energy scale of 14%. 
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The resolution in the SD energy is 
computed from the distribution of the ratio 
A (5 )^/£'fd for the hybrid events used for the 
calibration, assuming a fixed FD energy res¬ 
olution of 7.6%. The resulting average reso¬ 
lutions are reported in Table 1 . 

3. Energy spectrum 

The final step in measuring the energy 
spectrum is a precise determination of the ex¬ 
posure for the observations. Above the en¬ 
ergy for full detector efficiency, the calcula¬ 
tion of the SD exposure is based solely on the 
determination of the geometrical aperture of 
the array for the corresponding zenith-angle 
interval and of the observation time. The 
choice of a fiducial trigger based on active 
hexagons allows one to exploit the regularity of the array, and to compute the aperture simply as 
the sum of the areas of all active hexagons. The calculation of the hybrid exposure is more com¬ 
plex. It relies on a detailed time-dependent Monte Carlo (MC) simulation which exactly reproduces 
the data taking conditions and includes the response of the Hybrid detector [8]. The result is an 
exposure growing with shower energy above the threshold energy of lO'^ eV. 

A correction must be applied to the measured flux to account for the effect of the finite resolu¬ 
tion in the energy determination, responsible for bin-to-bin event migration. For a steeply-falling 
spectrum, upward movements of reconstructed energies into a given bin are not compensated by 
movements from the opposite direction. The net effect is that the measured spectrum is shifted to¬ 
wards higher energies with respect to the true one. For the hybrid measurement, this is corrected by 
calculating the exposure as a function of the reconstructed energy instead of the input energy in the 
MC. For the SD measurements, a forward-folding approach is applied. MC simulations are used 
to generate a bin-to-bin migration matrix that accounts for all the resolution effects and physical 
fluctuations in shower development. The matrix is then used to find a flux parameferisation that 
fits the measured data when forward-folded, using a binned-maximum likelihood approach assum¬ 
ing Poisson statistics. The forward-folded spectrum is finally divided by the input flux to obtain 
the correction factor which is in turn applied to the measured binned spectrum to obtain the true 
spectrum. This correction is slightly energy dependent but is below 15% over all of the F-range. 

Here we present an update of the measurements of the energy spectrum derived from vertical 
SD data sets recorded by both the 750 m and 1500 m arrays up to 31 Dec 2014, and hybrid data up 
to 31 Dec 2013. Moreover, we report the spectrum derived from inclined events recorded by the 
1500m array up to 31 Dec 2013, recently published in [13]. Values of the corresponding exposures 
are given in Table 1, together with other experimental pai'ameters describing the data. Note that 
the exposure for the vertical SD-750m data set is double the value reported previously in [14]. 



Figure 1: Correlation between the energy estimators 
(see text) and the energy FD energy. ^38 and ^35 are 
given in units of Vertical Equivalent Muon or VEM, 
corresponding to the signal produced by a vertical 
muon traversing the detector through its center. Since 
Ai 9 is a scaling factor it is dimensionless. 
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E[eV] H[eV] 



Figure 2: Left: energy spectra derived from SD and hybrid data recorded at the Pierre Auger Observa¬ 
tory. The error bars represent statistical uncertainties. The upper limits correspond to the 84% C.L. Right: 
fractional difference between the Auger spectra and a reference spectrum with an index of 3.26. 


However, the number of hybrid events does not reflect the increase of exposure accumulated in 
2013 due to the adoption of more stringent selection criteria from [ 8 ]. 

The four independent measurements of the energy spectrum of cosmic rays are shown in Fig. 2. 
The differential fluxes are also displayed as fractional differences with respect to a reference spec¬ 
trum with an index of 3.26 The comparison shows that all spectra are in agreement within 
uncertainties. The four independent measurements of the energy spectrum of cosmic rays are then 
combined using a method that takes into account the systematic uncertainties of the individual 
measurements. The systematic uncertainties of the SD-1500 vertical and inclined fluxes are 5.8% 
and 5%, respectively. The one of the SD-750 m flux decreases from 14% at lO'^'^eV to less 
than 7% above 10^^'^ eV. Similarly, the hybrid flux’s uncertainty decreases from 10% at 10^^ eV 
to less than 6 % above 10^^ eV. In this procedure, the flux normalisations are used as additional 
constraints to derive the flux scaling factors needed to match them: (5.7 ±0.2)% for the vertical 
spectrum, (—0.1 ±0.8)% for the inclined spectrum, (1.8 ±4.3)% for the SD-750m spectrum and 
(—5.8 ±2.4)% for the hybrid spectrum. 

The characteristic features of the combined energy spectrum, shown in Fig 3, have been 
quantified by fitting a model that describes a spectrum by a power-law below the ankle J{E) = 
7o {E /^ankie) and a power-law with a smooth suppression at the highest energies: 


J{E)=Jo 


E 

^ankle 


-yi 



^ankle 


Ay' 



(3.1) 


Here, y\ and 72 are the spectral indices below and above the ankle energy Rankle, respectively, E^ is 
the energy at which the differential flux falls to one-half of the value of the power-law extrapolation 
from the intermediate region. Ay gives the increment of the spectral index beyond the suppression 
region, and Jq is the normalisation of the flux, taken as the value of the flux at £■ = F'ankie- The 

'Reference spectrum: ±ef = 2.51 x 10^^ (£/eV)^^'^®eV^* km^^sr^* yr^*, fitted to the SD-1500m vertical differ¬ 
ential flux in the energy bin corresponding to log[g(£/eV) = 18.55 (bin width of 0.1), which contains 29371 events. 
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with 
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy 
scale is 14%. The number of events is given above the points, which are positioned at the mean value of 
log]o(£/eV). The upper limits correspond to the 84% C.L. 


result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2, 
quoting both statistical and systematic uncertainties. 


Jo [eV-'km-^sr-'yr-*] 

Rankle [EeV] 

A [EeV] 

ri 

72 

Ay 

(3.30±0.15±0.20)xl0-‘‘’ 

4.82 ±0.07 ±0.8 

42.09±1.7±7.61 

3.29 ±0.02 ±0.05 

2.60 ±0.02 ±0.1 

3.14±0.2±0.4 


Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum 
measured at the Pierre Auger Observatory. 

The combined spectrum shows a flattening above the ankle, Fankie = 4.8xlO'*eV, up to the 
onset of the flux suppression. This suppression is clearly established with a significance of more 
than 20 a (the null hypothesis that the power law above the ankle continues beyond the suppression 
point can be rejected with such confidence). The spectral index in the region of the suppression is 
less certain due the low number of events and large systematic uncertainties. 

A spectral observable in the GZK [15, 16] region that can be used to discriminate between 
different UHECR source-composition models is the energy £' 1/2 at which the integral spectrum 
drops by a factor of two below what would be expected with no cutoff. The corresponding value 
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1) 
with the parameters reported in Table 2, is £ 1/2 = (2.47±0.01 j(Q 34 (sys))x 10*^eV. This result, for 
instance, differs at the level of 3.4a from the value of « 5.3 x 10^^ eV predicted in [17] under the 
assumption that the sources of UHECRs are uniformly distributed over the universe and that they 
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape 
of the spectrum will be dominated by the distribution of sources around us (see [18] for example). 

4. Declination-dependence of the energy spectrum 

Given the location of the Auger Observatory at a latitude —35.2°, events arriving with 6<60° 
cover a wide range of declinations from —90° to +25°, corresponding to a sky fraction of 71%, 
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Figure 4: Left; The SD vertical energy spectrum in different declination bins. Right; the ratio of the fluxes 
of cosmic rays arriving from southern (5< — 29.47°) and northern (5> — 29.47°) directions derived from 
vertical events compared to the expectation from the dipolar modulation of the flux measured with Auger 
data with 0 < 80° in the energy ranges 4 < £ < 8 EeV and £ > 8 EeV [5, 6]. The shaded boxes correspond 
to the propagation of the statistical uncertainties in the amplitude of the reconstructed North-South dipole 
component. 


and therefore become an excellent data set to search for declination dependence of the measured 
energy spectrum. Although the inclusion of inclined events would extend the declination range to 
+45°, only vertical showers with energy above 3 x 10^^ eV are considered for this first analysis. 

To search for a variation with declination of the cosmic-ray flux, it is important to carefully 
account for spurious effects that can modulate the flux that arise from experimental, atmospheric 
and geomagnetic effects. We take into account these effects following the same procedure adopted 
to study the large angular scale distribution of arrival directions of cosmic rays recorded at the 
Auger Observatory [19, 5]. Firstly, the observed part of the sky is divided into four 5-bands each 
with approximately the same exposure. The sub-spectra are shown in the left panel of Fig. 4. Given 
the small relative differences found between them and the all-sky spectrum (<5% at energies below 
Es and <13% above), there is no significant indication of a dependence on 5. As a consequence, 
the difference seen at the highest energies (suppression region) between the spectra measured by 
the Auger and TA Observatories [4] can not be explained by a 5-dependence of the measured flux, 
unless the flux measured by TA is substantially larger above declination +25° than below. 

Recent studies of the distribution of arrival directions of both vertical and inclined events 
above 4xl0^^eV recorded up to 31 Dec 2013 at the Auger Observatory [5, 6 ] have reinforced 
the hint of a dipole anisotropy. After performing two Rayleigh analyses in the right ascension 
and azimuth angles in two different energy bins, the observed amplitude in right ascension above 
SxlO'^eV suggests a large-scale anisotropy with a significance exceeding 4 a (lower statistical 
significance for events with energies between 4 and 8 EeV). The reconstructed dipole points to 
(a,5) = (95°±13°,-39°±13°) in the higher energy range, and (a,5) = (15°±115°,-8r±17°) 
in the lower. Here we investigate if this hint is also observable in the measured flux. For this 
purpose, the observed sky is divided only into two bands of declination. Then the ratio of the 
corresponding sub-spectra is computed and compared to the expectation from this dipole anisotropy 
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as shown in the right panel of Fig. 4, demonstrating good agreement between both results. 

5. Summary 

The energy spectrum above 3 x 10^^ eV has been measured with unprecedented precision and 
statistics using the data collected by the Auger Observatory for more than 10 years. The results can 
be described by a power-law spectrum with spectral index 2.6 above 4.8 x 10^^ eV and clearly show 
a steepening of the cosmic-ray flux above an energy around 4.2 x 10^^ eV. The dominant systematic 
uncertainty of the spectrum stems from the overall uncertainty in the energy scale of 14%. 

Differences between the recent Auger and TA spectra have motivated the search for a declina¬ 
tion dependence of the flux of cosmic rays. No significant variation in the flux measured with the 
SD in four declination bands were found that could account for the discrepancy between spectra 
measured from different hemispheres. The differences found between the measurements in two 
separate declination bands are compatible with the variations expected from a dipolar modulation 
of the flux. 
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correlations with active galactic nuclei (AGNs) from the Veron-Cetty and Veron catalog, which 
does not yield a significant indication of anisotropy with the present data set. We perform a blind 
search for localized excess fluxes and for self-clustering of arrival directions at angular scales 
up to 30° and for different energy thresholds between 40 EeV and 80 EeV. We also examine 
the correlation of arrival directions with relatively nearby galaxies in the 2MRS catalog, AGNs 
detected by Swift-BAT,and a sample of radio galaxies with jets and with the Centaurus A galaxy. 
None of the searches shows a statistically significant evidence of anisotropy. The two largest 
departures from isotropy that were found have a post-trial probability « 1.4%. One is for cosmic 
rays with energy above 58 EeV that arrive within 15° of the direction toward Centaurus A. The 
other is for arrival directions within 18° of Swift-BAT AGNs closer than 130 Mpc and brighter 
than 10^^ erg/s, with the same energy threshold. 
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1. Introduction 

The determination of the origin of the very high energy cosmic rays is a difficult task, mostly 
because of the very small value of their flux at Earth, together with the fact that they experience 
magnetic deflections during propagation. Nevertheless, the distribution of arrival directions might 
contain crucial information about the cosmic ray sources, provided that their distribution is not 
uniform and that the deflections are small enough. Such conditions could be fulfilled by low-Z 
cosmic rays with energies above ~ 40 EeV: the suppression of the flux that is observed [1] in the 
energy spectrum is compatible with a GZK [2] mechanism, thus potentially limiting the distance 
from which a source can contribute. Independently of the origin of this flux suppression, the recent 
upper-limits on the primary cosmic ray photon flux [3] severely constrain top-down models, thus 
favoring an astrophysical origin for the sources of cosmic rays. 

The present paper describes the latest analysis of the distribution of aiTival directions of cosmic 
rays with energies above 40 EeV detected at the Pierre Auger Observatory in 10 years of operation, 
with a total exposure of about 66,000 km^ sr yr. After a brief description of the data set, we first 
present an update of the correlation analysis performed with the AGNs from the Veron-Cetty and 
Veron catalog [4]. The result of this test does not confirm the initial evidence of anisotropy that 
was observed [5] for cosmic rays with energies above 57 EeV. Consequently, we searched for the 
presence of a possible anisotropy in the distribution of arrival directions for events with energies 
above 40 EeV, applying different types of tests. 

In section 2 we first analyze the distribution of arrival directions in the data set without using 
any external information such as a catalog of candidate sources. This search of intrinsic anisotropy 
is performed with the auto-correlation method, together with a search for excess of events in circu¬ 
lar windows over the whole exposed sky. 

In section 3, we study the cross-correlation between the cosmic ray arrival directions and the 
position of candidate sources extracted from catalogs. We describe the cross-correlation analysis 
performed with the 2MRS catalog of galaxies detected in IR, the 70 months Swift-BAT catalog 
of AGNs detected in X-rays, and with a catalog of radio galaxies. We describe in addition the 
analysis of the distribution of events around the direction of the Gen A galaxy. The details of all 
these analyses together with the list of aiTival directions and energies of the events can be consulted 
in [6]. 

Data set The data set used in the present analysis consists of 602 events with energy above 
40 EeV measured by the Surface Detector (SD) of the Pierre Auger Observatory between the E' 
January 2004 and the 3T'' March 2014. The Pierre Auger Observatory is a 3000 km^ array of 
water-Cherenkov detectors with 1.5 km spacing, overlooked by 24 fluorescence telescopes located 
on its periphery. A recent and detailed description of the detector can be found in [7]. 

The total data set is the combination of 454 events with zenith angle 0 < 60° (vertical events) 
and 148 events with 60° < 6° < 80° (inclined events). The extension of the zenith angle range, 
compared to previous anisotropy searches that were limited to vertical events, has two important 
advantages: a 30% increase of statistics and a higher fraction of the sky covered, ranging from 
-90° to -h45° in declination. 
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The properties of the signal measured at ground being zenith angle dependent, the selection 
and reconstruction procedures are different for vertical and inclined events. The vertical events 
are selected if the water-Cherenkov detector that measured the highest signal is surrounded by at 
least four other operational detectors in the closest range. In addition, the reconstructed shower 
core position at ground must lie within a triangle of contiguous operational detectors. This event 
selection ensures an accurate event reconstruction and increases the number of vertical events by 
14% with respect to the previous selection used in our analyses. The selection of inclined events 
requires the presence of 5 operational detectors around the one with the highest signal. 

For both data sets, the detection and selection efficiency is 100% for the energies considered 
here, the exposure is therefore determined only by the geometry of the array and amounts to 51,753 
and 14,699 km^ sr yr for the vertical and inclined samples respectively. 

The angular resolution, defined as the 68% containment radius around the true arrival direc¬ 
tion, is better than 0.9° above 10 EeV [8], where a high number of detectors participate in an event. 
The ground estimator for the energy determination is different for vertical and inclined events: the 
vertical reconstruction uses the fitted signal at 1000 m from the shower axis whereas the inclined re¬ 
construction estimates the muon content relative to a simulated proton shower with energy 10^^ eV. 
In both cases, the final energy esfimation uses the cross-calibration with the Fluorescence Detector 
(FD) that provide a quasi-calorimetric measurement. The statistical uncertainty in the energy deter¬ 
mination is better than 12% above 10 EeV [9] and the systematic uncertainty in the absolute energy 
scale is 14%. As a consequence of the recent update of the absolute energy scale [10], the energy 
threshold of 55 EeV used in our previous publication [11] now corresponds to approximately 53 
EeV. 

Note on the anisotropy test with the VCV catalog The Veron-Cetty and Veron catalog of active 
galactic nuclei [4] has been previously used to search for correlation with potential cosmic ray 
extragalactic sources. The number of CR events with E > Eth that arrive within an angular distance 
'F of an AGN with redshift z < z^ax is measured and compared to isotropic expectations. After 
an initial scan over the parameters with vertical events collected between the January 2004 
and the 26'^* May 2006, the most significant excess was found for Eth = 57 EeV, *F = 3.1° and a 
maximum redshift corresponding to a distance of 75 Mpc. This set of parameters has been used on 
subsequent independent data, leading to a correlation fraction of 61% with a 1.7 x 10^^ probability 
of happening by chance [5]. The analysis has been performed with increased statistics, leading 
to a much lower (38]]g)% correlation fraction [11]. An update of this analysis with the present 
vertical data set described previously yields a correlation fraction of (28.%, which is only 
2 standard deviations above the isotropic expectation of 21%. We conclude that the present level 
of the correlation fraction does not provide a significant indication of anisotropy. 

2. Intrinsic anisotropy tests 

Search for a localized excess flux over the exposed sky We searched for an excess in the arrival 
directions of cosmic rays by counting the number of events that fall inside circular windows of 
varying radius 'F from 1° to 30° in 1° steps. The centers of those windows cover the whole exposed 
sky and are located on a regular 1° x 1° grid. An energy thr'eshold Eth is applied to the events, and 
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is varied between 40 EeV and 80 EeV with 1 EeV steps. The number nobs of observed events 
is compared to that expected from an isotropic flux Wexp^ the isotropic value ngxp is estimated by 
numerically integrating the geometric exposure function in the corresponding angular window. Eor 
each window we compute the binomial probability p of observing by chance in an isotropic flux a 
greater or equal number of events than that found in the data. A scan using the combined vertical 
and inclined data set was performed on the parameters and leading to a minimum probability 
of p = 5.9 X 10^^ for an excess of Wobs/^^exp = 14/3.23 with Eth = 54 EeV and 'E = 12°. 

The Ei-Ma significance [12] of event excesses with E > 54 EeV in windows of 12° radius 
is shown in Eigure 1 (left). The highest significance region (4.3a) is found to be close to the 
Super-Galactic Plane and to the CenA radiogalaxy. To quantify the significance of this excess, we 
simulated 10,000 isotropic data sets with the same number of events and applied the full parameter 
scan described above. In 69% of isotropic simulations an excess with p smaller than 5.9 x 10^^ 
can be found, hence indicating that the data are compatible with isotropic expectations. 


0.1 - 

0.01 


Figure 1: Left, map in galactic coordinates of the Li-Ma significances of excesses in 12°-radius windows 
for the events with £ > 54 EeV. Also indicated are the Super-Galactic Plane (dashed line) and Centaurus A 
(white star). Right: Fraction / obtained in the autocorrelation of events versus \j/ and Eh, white cross 
indicating the minimum. 

The autocorrelation of events The angular auto-correlation analysis is a simple method to test 
for self clustering in the arrival directions distribution. The principle is to count the number of 
pairs of events Vp(i//,Eth), above a given energy threshold Eth that are within a certain angular 
distance i/r. Using the full data set, we performed a scan in energy threshold from 40 EeV up 
to 80 EeV and in angle from 1° to 30 ° in which we compare the number of pairs Vp(i/r,Eth) 
measured in data to the isotropic expectation. The result of the scan is shown in Eigure 1 (right), 
where the fraction /(»/r,Eth) of isotropic simulations that have a higher or equal number of pairs 
than the data is represented. The minimum of this fraction is found at /min = 0.027, for i// = 1.5° 
and Eth = 42 EeV, where 30 pairs are expected on average and 41 are observed. To quantify the 
significance of this minimum, we computed the penalized fraction P of isotropic data sets that lead 
to a lower or equal value of under a similar scan. The resulting value E ~ 70 % indicates that 
the auto-correlation function is compatible with isotropic expectations. 

3. Search for cross-correlations with astrophysical sources 

We investigate in this section the possible correlation between the arrival directions of cosmic 
rays with the position of nearby extra-galactic sources (for additional searches of correlation with 
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the Galactic and Super-galactic planes see [6]). We used three complementary catalogs that have an 
almost uniform coverage and that are complete above a given luminosity: namely the 2MRS catalog 
of galaxies [13], the Swift-BAT [14] X-ray catalog of AGNs, and a catalog of radio galaxies with 
jets compiled in [15]. 


Cross-correlation with radio galaxies with jets 



Cross-correlation radio galaxies, D=90 Mpc 
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[deg] 


Figure 2: Left. Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. Values 
of /min and P are shown as a function of the maximum distance D to the AGNs considered. Right: Results 
of the scan in \j/ and Fth for the value D = 90 Mpc corresponding to the (second) minimum in the left plot. 


The 2MRS catalog maps the local distribution of galaxies detected in the infrared domain, 
which could be associated with the location of gamma-ray bursts and newborn pulsars. The catalog 
is 97.6% complete above magnitudes brighter than Ks = 11.75 and contains more than 37,000 
galaxies within 200 Mpc and about 16,000 galaxies within 100 Mpc. 

The Swift-BAT catalog contains 1210 sources detected in X-rays after 70 months of operation, 
among which 705 are identified as AGNs and have a measured redshift. The catalog is complete 
for 90% of the sky above an X-ray flux of 13.4 x 10^^^ erg cm^^ s^^ in the 14-195 keV range. 
This cut in flux selects 296 AGN-like galaxies within 200 Mpc and 160 within 100 Mpc. 

The radio galaxy catalog that we use is a compilation from the 1.4 GHz NRAO VLA Sky 
Survey [16] and the 843 MHz Sydney University Molonglo Sky Survey [17] produced by Van 
Velzen et al. [15]. The catalog is quasi-complete for fluxes above 213 mJy at 1.4 GHz and 289 mJy 
at 843 MHz, and contains 205 radio galaxies with jets within 200 Mpc, and 56 within 100 Mpc. 
The overlap between the Swift-BAT and the radio galaxies catalog is only 5%, the majority of the 
Swift-BAT galaxies being of spiral type whereas the radio galaxies are mostly elliptical. 

As a first approach, we use these catalogs in a cross-correlation analysis where all the ob¬ 
jects with the above flux limits are selected. This selection corresponds to the assumption that all 
sources contribute to the cosmic ray flux in the proportion of their apparent luminosity. In a sec¬ 
ond approach, we select only the brightest sources from the catalogs by applying a cut in intrinsic 
luminosity which is motivated by the expectation that the maximum energy ^max achieved by the 
cosmic rays could be related to the intrinsic electromagnetic bolometric luminosity .if of the ob¬ 
ject that case, we test the assumption that only the brightest sources can produce a 

cosmic ray flux above an energy threshold ^th. 

Cross-correlation with flux-limited catalogs The cross-correlation analysis is similar to the 
auto-correlation method, and consists in counting the number of pairs of a given angular separation 
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Objects 

Eth 

[EeV] 

'E 

n 

D 

[Mpc] 

.5^ ■ 

[erg/s] 

/min 


2MRS Galaxies 

52 

9 

90 

- 

1.5x10-3 

24% 

Swift AGNs 

58 

1 

80 

- 

6x10-3 

6 % 

Radio galaxies 

72 

4.75 

90 

- 

2 x10-^ 

8 % 

Swift AGNs 

58 

18 

130 

1044 

2 x10-^ 

1.3% 

Radio galaxies 

72 

4.75 

90 

JQ39.33 

5.1x10-3 

11 % 

Centaurus A 

58 

15 

- 

- 

2 x10-^ 

1.4% 


Table 1: Summary of the parameters of the minima found in the cross-correlation analyses. 


between cosmic ray events and objects in a sources catalog. To find an excess, we compare the 
number of pairs with the expectation of an isotropic simulation. We scan over the energy threshold 
fth of the events from 40 EeV up to 80 EeV and in angular scale 'E between 1° and 30°. Eor the 
sources in the catalogs, we impose a maximum distance cut D, that can vary from 10 Mpc up to 
200 Mpc in 10 Mpc steps. 

Eor each value of D, we compute the fraction /(y/jEth) of isotropic simulations having an 
equal or higher number of pairs than the data, and search for its minimum /min- We calculate the 
associated post-trial probability P as the fraction of isotropic realizations that lead to a lower or 
equal value of /min under a similar scan on Eth and 'E. 

The evolution of /min and E as a function of the maximum distance D is shown in Eigure 2 
(left) for the radio galaxies catalog. The absolute minimum is /min = 2 x 10^^ with a penalized 
value of P = 1.4% obtained for a distance D = 10 Mpc. The only object in that distance range is 
Cen A , the closest radio galaxy located at 4.2 Mpc. As we discuss the correlation with Cen A in 
a separate section, we describe here only the second minimum of /min = 4 x 10^'^ and P = 3.4% 
that occur for D = 90 Mpc. The result of the scan in energy and angular radius for D = 90 Mpc is 
shown in Eigure 2 (right). The minimum (indicated by a white cross) corresponds to Eth = 72 EeV 
and *E = 4.75°, where 13 pairs are observed in data and 3.2 are expected in average from isotropy. 
The penalized probability ^ of getting a lower or equal value of P = 1.4% (that is the absolute 
minimum of the scan) when repeating the same scan in distance D with isotropic samples is ^ = 8 
%. 

The same analysis is applied for the 2MRS and Swift-BAT catalogs, and the results are sum¬ 
marized in table 1. The penalized probabilities ^ are of the order of a few percent, indicating that 
no significant excess is observed in this cross-correlation test. 

Cross-correlation with bright AGNs We describe here the results of an additional scan on the 
minimum luminosity .jSfmin of the sources in the catalogs. The cross-correlation analysis was ap¬ 
plied on the Swift-BAT AGNs where we used the luminosity ffx measured in the X-ray band, and 
for the radio galaxies with the radio luminosity .i^R computed at 1.1 GHz. Eor Swift-BAT we scan 
from ffx = 10^^ erg/s up to 10^^ erg/s, while for the radio galaxies we scan from .ifR = 10^^ erg/s 
up to 10^^ erg/s, considering three logarithmic steps per decade, for a total of 7 luminosity values 
in each case. These values are designed to cover most of the luminosity range of the AGNs that are 
present in the catalogs. 
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Angular distance from Cen A [deg] 



Figure 3: Left: Map in galactic coordinates showing the events (black dots) with £ > 58 EeV together with 
the Swift AGNs brighter than 10^^ erg/s and closer than 130 Mpc, indicated with circles of 18° radius. Right: 
cumulative number of events around the Cen A radio galaxy, for the threshold Fth = 58 EeV, exploring the 
whole angular range. 

The analysis procedure is similar to what was described in the previous section: we search for 
the minimum of the fraction /(i/Tjf'th) of isotropic simulations having an equal or higher number 
of pairs than the data, for each value of D and ^min- The resulting parameters that correspond to 
the minimum are included in table 1. 

For Swift-BAT bright AGNs, the minimum /min = 2 x 10^^ is obtained for D = 130 Mpc and 
.if > 10^"^ erg/s, with a threshold energy of Fth = 58 EeV and an angular radius 'F = 18°. For those 
parameters, 62 pairs are observed between 155 cosmic rays and 10 AGNs (with .ifx > .if nin ) while 
32.8 are expected from isotropy. A sky map is shown in Figure 3 (left) representing these events 
and AGNs in galactic coordinates. The penalized probability to find in isotropic simulations fmin 
values lower or equal than 2x 10^^ under the same scan on (*F,£'th)-i^imn)T)) is ~ 1.3%. 

For the radio galaxies, two equivalent minima are found when scanning in luminosity, both for 
a maximum distance D = 90 Mpc. The first one is obtained for a luminosity = 10^^'^^ erg/s, 
with (Fth = 72 EeV, 'F = 4.75°), and corresponds to a fraction /min = 5.1 x 10^^. For those pa¬ 
rameters, 13 pairs are observed while 2.4 are expected from isotropy. The second minimum has 
■^min = 10^^° erg/s, for (Fth = 58 EeV, 'F = 12°), with a fraction / mi n = 5.6 x 10^^. The penalized 
probability corresponding to the first minimum is found to be ~ 11%. 

The Cen A region At a distance of only 4 Mpc, Cen A is the closest radio-loud active galaxy, 
being a natural candidate source for the acceleration of high energy cosmic rays. We also note that 
the Centaurus cluster, which contains of a large number of galaxies, lies at a distance of 50 Mpc 
and is approximately in the same direction as Cen A. We thus searched for a correlation between 
the cosmic ray arrival directions and the location of Cen A, counting the number of events within 
an angular radius 'F between 1° and 30° for an energy threshold Fth ranging from 40 EeV up to 80 
EeV. The significance of a pofenfial excess is evaluafed by compufing fhe fracfion / of isofropic 
simulafions fhaf give a higher or equal number of evenfs fhan fhe dafa. 

The minimum of fhis fracfion is found fo be /min = 2 x 10^^ for Eth = 58 EeV and *F = 15°, 
where 14 evenfs are observed while 4.5 are expecfed. The righf panel of Figure 3 shows fhe number 
of evenfs wifh E > 58 EeV as a function of fhe angular disfance from Cen A for fhe whole angular 
range, indicafing also fhe 68, 95 and 99.7% infervals obfained wifh isofropic simulafions. The 
penalized probabilify fo find a smaller /min value in isofropic simulafions under fhe same scan is 
^ ~ 1.4%. 
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4. Discussion 

The distribution of arrival directions of cosmic rays detected by the Pierre Auger Observatory 
in 10 years of operation has been studied by several complementary methods. An update of the 
fraction of events with E > 53 EeV correlating with AGNs from the VCV catalog has been per¬ 
formed, leading to a value of ( 28 . 1^3 ^) %, which is only 2 standard deviations above the isotropic 
expectation of 21 %. 

We then searched for intrinsic anisotropies in the distribution of arrival directions of cosmic 
rays with energies above 40 EeV by computing the angular auto-correlation function and by looking 
at potential excesses in circular windows all across the exposed sky. Both tests give results that are 
compatible with isotropic expectations. 

The cross-correlation with nearby (within 200 Mpc) sources from three complementary as- 
trophysical catalogs has been performed, together with a specific analysis of the arrival directions 
around the Cen A radio galaxy. The results are summarized in table 1. The penalized probabilities 
^ accounting for the scan on parameters are of the order of a few percent, and can reach the 1 % 
level when selecting only the brightest AGNs of the Swift-BAT catalog or with the Cen A radio 
galaxy. We note that all minima, despite being not statistically significant, occur for a value of the 
maximum distance D ~ 80 — 90 Mpc. 
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1. Introduction 

Establishing the energy at which the flux of extragalactic Cosmic Rays (CRs) starts to dom¬ 
inate the flux of Galactic ones would provide an important step forward in understanding the de¬ 
mands that must be placed upon their accelerators in the Galaxy, and the origin of ultra-high energy 
CRs. To this aim, the large-scale distribution of arrival directions of CRs as a function of their en¬ 
ergy is a relevant tool to study generic signatures of anisotropies in the framework of Galactic 
scenarios around 1 EeV, and extragalactic ones at the highest energies. 

The Pierre Auger Observatory [1] provides the largest number of events ever collected to 
scrutinise such anisotropies in this energy range. The Observatory combines two techniques to 
detect the extensive air showers resulting from the interaction of CRs with the atmosphere. The 
longitudinal development of the air showers is measured by fluorescence detectors, while the lateral 
distribution of the secondary particles at ground level is measured by the Surface Detector Arxay 
(SD). Two arrays of SDs are operating: an arrangement of water Cherenkov detectors separated 
by 1500 m distributed over an area of 3000 km^, reaching full detection efficiency at 3x10^* eV, 
and an array with detectors separated by 750 m distributed over an area of 23.5 km^, reaching full 
detection efficiency at 3x 10^^ eV. 

The different analysis methods used in determining the amplitude and phase of the modulation 
in Right Ascension (RA) in different energy bins are described in section 2. Using data from both 
the 750 m array and the 1500 m array up to the end of 2014, we present in section 3 the updated 
status of a prescribed test on the phases of the first harmonic modulation in RA previously reported 
in [2] . Studies of the flux modulation in declination and in RA from the analysis of events with 
zenith angles smaller than 60° have been reported in [3, 4]. By including events with zenith angles 
between 60° and 80°, an increase of 30% in the number of events is obtained [5]. In section 4, we 
present the results of the reconstructed dipolar modulations in RA and in declination above 4 EeV 
for this data set. Einally, the complete picture of large-scale anisotropy studies over four decades 
in energy using the Pierre Auger Observatory data is presented in the last section. 


2. Harmonic analysis in right ascension 

Harmonic analysis of the RA distribution is a classical tool for picking up and for charac¬ 
terising any modulation in this coordinate system [6]. The low amplitudes of the first harmonic 
modulation expected from the limits set in many historic studies, motivate a careful consideration 
of possible spurious modulations that arise from experimental or atmospheric effects. In particular, 
due to the steepness of the energy spectrum, even small changes in the energy estimator as a func¬ 
tion of time or the local angular coordinates would distort significantly the counting rate of events 
above a given energy. 

Atmospheric conditions are known to affect the observed shower size for a given primary en¬ 
ergy. Eor a larger (smaller) pressure, an air shower will be at a more (less) advanced stage of devel¬ 
opment when it arrives at the ground since the column density traversed would be larger (smaller). 
Also the air density affects the Moliere radius and hence the lateral profile of the showers. These 
atmospheric effects are accounted for by correcting the energy estimator of the events according to 
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the weather conditions at the time each event was recorded [7]. Such corrections guarantee that the 
observed event rate with time is controlled by the instantaneous exposure only. 

Rayleigh analysis. For a directional exposure &)(«), where a is the RA, the flux d>(a) can be 
decomposed in terms of a harmonic expansion from the observed distribution of arrival directions 
dN/da as: 


d>(a) 


1 dN 
(o{a) da 


a® + ^ a“ cosna + ^ sinna. 

n>0 n>0 


( 2 . 1 ) 


The first harmonic coefficients {n = 1) in RA are enough to reconstruct the equatorial dipole com¬ 
ponent under the hypothesis that contributions from higher-order multipoles are negligible, while 
the second harmonic coefficients (n = 2) are sensitive to the quadrupole component (and to eventual 
higher-order multipoles). The Fourier coefficients of the flux can be estimated as: 


2 N 2 ^ 

= - £ W;COs(na;) , b// = ^ £ W; sin (««,•), 


( 2 . 2 ) 


where the sums run over the number of events N in the energy range considered, and the nor¬ 
malization factor is A = The factors w,- account for the variations in the operating size 

of the array as a function of time that lead to small modulations in the exposure. Their determi¬ 
nation is optimised within the energy range where the study is performed and is detailed in the 
following sections. The amplitude can then be expressed as r„ = y/(a^)^ + the phase 

as = 1/n arctan()7“/fl:“). In case of an underlying isotropy, the amplitude follows a Rayleigh 
distribution while the phase follows a uniform distribution. The probability P(> r„) that an am¬ 
plitude equal to or larger than r„ arises from an isotropic distribution can be approximated by the 
cumulative distribution function of the Rayleigh distribution P{> r„) = exp (—iVr^/4). 

East-West analysis. Alternatively to modelling the event rate and controlling the variations 
of the exposure with time, the modulation of the flux in RA can be revealed using the East-West 
(E-W) method, though it is less sensitive than the Rayleigh analysis by a factor ~ 2.5 [8]. The 
counting rate of the events observed in either the Eastern or the Western half field of view of the 
array is subjected to variations during a sidereal day that can be either due to experimental effects 
and/or to real variations in the primary CR flux from different parts of the sky. Systematic effects 
of experimental origin are independent of the incoming direction so that they can be removed by 
subtracting the counting rates of events coming from each of the sectors. On the other hand, in 
the presence of a genuine equatorial dipole, the difference in the E-W counting rate would show 
modulations that are expected to be related to those of the genuine dipole. More specifically, the 
amplitude rEw, and phase ^ew can be calculated from the arrival times of N events using the 
standard first harmonic analysis, slightly modified to account for the subtraction of the Western 
sector to the Eastern one [8]. The amplitude of the first harmonic, ri, and the phase, 0i, of the 
RA modulation determined with the Rayleigh formalism are related to rEw and (j)Ew through the 
relations n = r^vr 7r(cos5)/2(sin0), and (pi = pEW + 7t/2 [8], where (cos5) is the mean value of 
the cosine of the declinations of events, and 6 is the zenith angle. 

Reconstruction of the equatorial dipole component. In the case of an underlying pure 
dipole, the relationship between ri and the projection of the dipole on the Earth equatorial plane 
dE, which is the quantity of interest to compare the results of different experiments, depends on 
the latitude of the observatory and on the range of zenith angles considered. To first order, the 
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relationship reads d± ~ ri/(cos5), with (cos 5) ~ 0.78 for events with zenith angles below 60° at 
the Auger Observatory [9]. 


3. Phase of the first harmonic from ~ 10 PeV to the highest energies 


Harmonic analyses in RA have been previously reported in [2] and [9]. Although no significant 
departure from isotropy was revealed in the amplitude, notable features concerning the evolution 
of the phases with energy from 10^^ eV up to the highest energies were pointed out. In this section, 
we report on the status of these features with independent data. 

In [9], a Rayleigh analysis of the data collected at the 1500 m array above 1 EeV was pre¬ 
sented in detail. In this analysis, the weight factors w, make use of the number of active cells 
HceiKO (number of active detectors surrounded by six active neighbours) constantly monitored at 
the Observatory. The total number of active cells, Nceii, as a function of the sidereal time Oq (mea¬ 
sured by the right ascension of the zenith at the center of the array) and its relative variations, AAceii, 
are obtained as Aceii(o:o) = Ly^ceiKoto + j-Tsid) and AAceii(o:o) = , where Tsu is the duration 

of the sidereal day, and (/7ceii) = dao^ceii(oJo)- The weighting factor for each event is thus 

derived as w/ = AA^^’j («(,). Below 1 EeV, additional spurious modulations of the event rate arise 
from the variation of the detection efficiency wifh time (fhrough fhe impacf of weafher effecfs). Eor 
fhis reason, amplifudes and phases are derived from fhe E-W mefhod. In [2], amplifudes and phases 
as obfained from fhe dafa collecfed af fhe 750 m array were also derived using fhe E-W mefhod. 
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Figure 1: Left; Status of the prescription on phases for the 750 m array data using the E-W method, the 
prescribed test on phases (<I>= 263°) is shown with a dashed line. Right; Status of the prescription on phases 
for the 1500 m array data, the prescribed test on phases is shown with a dashed line. 

Applying these particular analysis methods to data prior to 25 June 2011, a constant phase was 
observed around ss 270° for energies below 1 EeV, while a change of phase to Ri 100° was observed 
at higher energies. This may be indicative of a real anisotropy, since a constancy of phases in 
ordered energy bins is expected to appear with a smaller number of events than necessary for the 
amplitudes to stand significantly above the background noise [9, 10]. Since the phases were not 
defined a priori, a prescribed lesl was sel lo eslablish wifh dafa poslerior lo 25 June 2011 whefher 
fhis effecl is real af 99% CE. Once an additional exposure of 21,000 km^ sr yr is reached for fhe 
1500 m array, a posifive anisofropy signal will be claimed wifh a global fhreshold of 1% upon fhe 
realization of one or fwo predefined condifions. The conditions require an alignmenf of phases 
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detected by a likelihood ratio test with a chance probability less than 0.5% around a predefined 
phase value, assuming a signal amplitude of 0.5% for the 750 m array data and an amplitude 
comparable to the mean noise for the 1500 m array data over the whole energy range. From the 
date when the prescription started up to the end of 2014, the 750 m array has reached an exposure 
of 124 km^ sr yr, while the 1500 m array has accumulated an exposure of 19,100 km^ sr yr. The 
phases measured in each energy bin are shown in hgure 1 for the 750 m array (left panel) and 
for the 1500 m array (right panel). At almost the end of the prescribed test, the phases do not 
appear aligned around the predehned values. The current p-values obtained from the likelihood 
test that the hypothesis of isotropy can account for the observations with no need of the alternative 
hypothesis are 40% for the 750 m array and 7% for the 1500 m array. Below 1 EeV, the phase 
alignment observed with data prior to June 2011 was suggestive of an overall signal amplitude 
at the percent level or so around 10^^ eV. For lower amplitudes, such as 0.5% for instance, the 
current sensitivity of the analysis method to pick up a genuine alignment with a threshold of 0.5% 
is only ~ 50%. Many more events and an improved sensitivity in the analysis method are thus 
required to reveal the large-scale structure of arrival directions in this energy range. On the other 
hand, the test making use of the 1500 m array data is challenged by the observed phase between 
2x10*^ eV and 4x lO'^ eV which value stands significantly far from the prescribed phase. Since 
the corresponding amplitude (2.5 x 10^^) is lower than the mean noise (6.7 x 10^^) expected from 
statistical fluctuations, the measurement of the phase in this energy bin is quite uncertain. 

The final sfafus of fhe prescribed fesf will be given once an addifional exposure of 1,900 
km^ sr yr is reached. This is expecfed from dafa recorded up fo mid-2015. 

4. Dipole search above 4 EeV 

The Pierre Auger Collaboration have reported sfudies of fhe flux modulafion in RA [2, 9] as 
well as in bofh declinafion and righf ascension [3, 4] from fhe analysis of evenfs wifh zenifh angles 
smaller fhan 60°. Anofher study recently reported in [5] has been performed by including for the 
first time inclined events with zenith angles between 60° and 80°, enabling the extension of the cov¬ 
ered sky from 71% to 85%. Large-scale angular modulations of the flux are sfudied by performing 
fwo Rayleigh analyses, one on fhe righf ascension in fhe same manner as presenfed in section 2, 
and fhe ofher on fhe azimufh disfribufion, by replacing fhe expression of fhe Fourier coefficients 
given as a function of a in eqn. 2.2 by the azimuth angles (p, the latter being sensitive to modu¬ 
lations in declination. The analysis has been performed in the two same energy bins as previous 
reports in this energy range. In the lower energy bin, between 4 and 8 EeV, harmonic coefficients 
are consistent with zero within their uncertainties, and there is no evidence for departures from 
isotropy in the right ascension distribution. In the highest energy bin where all events with energies 
greater than 8 EeV are gathered, the first harmonic has an amplitude ri = (4.4 ± 1.0) x 10^^, that 
has a chance probability P(> ri) = 6.4 x 10^^. The phase (p\ points to 95° ± 13°. The amplitude of 
the second harmonic is less significant, with a 2% probability of arising by chance. The azimuthal 
distribution - after having accounted for the modulation induced by the tilt of the array and the 
geomagnetic effect - is expected to be uniform for energies above full efficiency for an isofropic 
disfribufion of CRs. The Eourier coefficienfs refrieved from fhe disfribufion in azimufh fhus give 
information on fhe dipolar componenf along fhe Earth’s rofafion axis, d^. The largesl departure 
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from isotropy appears for the bf Fourier coefficient in both energy bins. The negative values found 
indicate a dipolar component pointing to the south, although with low statistical significance 
(4 < £■ < 8 EeV: 2.4%, E>% EeV: 1.5% probability). 

The reconstruction of the dipole components from the Rayleigh analysis has been done for 
the case where only a dipole contribution to large-scale anisotropies is relevant, and for the case 
where a possible quadrupole contribution is present. In the first case, the equatorial component dj^ 
is retrieved in the same manner as given in section 2, while the dipole component along the Earth 
rotation axis is retrieved through d^ = b‘^ /(cos fobs (sin 0)), where fobs denotes the latitude of the 
Observatory. The total dipole amplitude for the higher energy bin is 0.073 ± 0.015 pointing to 
(a, 5) = (95° ± 13°, —39° ± 13°). In the second case, a combination of a dipole plus a quadrupole 
was considered. It was found that the dipole is consistent with results from the first case with larger 
uncertainties, and the quadrupole components are not significant. The exposure-weighted average 
of the differential flux smoothed in angular windows of 45° radius in equatorial coordinates is 
shown in figure 2 ^ for the two energy bins considered. The maximum flux difference in the lower 
energy bin is just 8%, while for the highest energy bin, it reaches 21%. 

4 EeV < E < 8 EeV E > 8 EeV 


1.07 0.44 



Figure 2: Sky map in equatorial coordinates of flux, in km ^ yr * sr * units, smoothed in angular windows 
of 45° radius, for observed events with energies 4< E <8 EeV (left) and E >8 EeV (right). 


5. Conclusion 

Different approaches have been explored by the Pierre Auger Collaboration to reveal large- 
scale anisotropies imprinted on the CR arrival directions. These analyses take advantage of the 
large number of events provided by the two arrays, even below full detection efficiency. Using the 
cumulative data sets, a summary of these analyses is given in table 1 and figure 3. 

Upper limits on amplitudes are reported in the right panel of figure 3. In the two energy 
intervals where the p-values for the amplitudes are 1.5 x 10 ^ and 6.4 X 10 ^ (between 1 and 
2 EeV, and for the integral bin above 8 EeV (mean energy of 14.5 EeV) respectively, amplitudes 
are also shown. The observed amplitude above 8 EeV suggests that a large-scale anisotropy is 
imprinted on the CR arrival directions of extragalactic CRs towards ~ 95° in right ascension. It 
is interesting to note that this phase is roughly in the opposite direction to the one suggested in 

*A rectification of the analogous figure published in [5] is shown here. Figure 3 in [5] had the flux incorrectly 
normalised to the exposure limited to events with zenith angles smaller than 60° (37,142 km^ sr yr) while here it is 
correctly normalised to the total exposure including events with zenith angles between 60° and 80° (48,029 km^ sr yr). 
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Figure 3; Left; Measured phases of the first harmonic modulation in RA. Right: Upper limits of the dipole 
equatorial component. Amplitudes are also reported in the two energy bins when the corresponding p-value 
expected from isotropy is below 10^^. 



^E [EeV] 

N 

[%] 


P{> d^) [%] 

df^ [%] 

750 m [E-W] 

0.015-0.03 

32,244 

6.4±3.8 

319±42 

25 

14.5 

750 m [E-W] 

0.03-0.06 

393,846 

1.4±0.9 

169 ±46 

30 

3.3 

750 m [E-W] 

0.06-0.12 

581,313 

0.5 ±0.6 

353±71 

73 

2.0 

750 m [E-W] 

0.12-0.25 

268,728 

1.4±0.8 

310±43 

27 

3.1 

750 m [E-W] 

0.25-0.5 

68,782 

2.8±1.5 

325 ±39 

20 

6.0 

750 m [E-W] 

0.5-1 

14,324 

7.2±3.3 

233±31 

10 

14.5 

1500 m [E-W] 

0.25-0.5 

918,247 

0.58 ±0.45 

245 ±54 

45 

1.5 

1500 m [E-W] 

0.5-1 

1,464,390 

0.65 ±0.33 

279 ±36 

15 

1.3 

1500 m[R] 

1-2 

738,683 

0.90 ±0.2 

326 ±14 

1.5 X 10^2 

- 

1500 m[R] 

2-4 

196,992 

0.60±0.38 

325 ±48 

45 

1.45 

1500 m[R,*] 

CO 

1 

50,417 

0.40 ±0.80 

15 ±103 

88 

4.0 

1500 m[R,*] 

>8 

19,797 

5.7±1.3 

95 ±13 

6.4 X 10-3 

- 


Table 1: Summary of the harmonic analysis in different energy intervals in terms of the equatorial com¬ 
ponent of the dipole. In the left column, [E-W] and [R] stand for the selected methods used to obtain the 
results, East-West or Rayleigh respectively. Data used are from 01/01/04 to 31/12/14, except for the two last 
bins indicated with [R,*], where events with zenith angles larger than 60° are included and where the ending 
date is 31/12/13, as reported in [5]. 


the summary phase plot shown in the left panel for CRs with energies below 1 EeV and which 
is in the general direction of the Galactic Centre. An interesting possibility to explain the low 
amplitudes over the wide energy range would thus be that a progressive cross-over might be taking 
place between a component of Galactic origin and another one of extragalactic origin. The global 
dipole anisotropy is then the sum of two vectors with opposite directions, providing then a natural 
mechanism to reduce significantly the amplitude of the vector describing the arrival directions of 
the whole population of CRs. Continued scrutiny of the large-scale distribution of arrival directions 
of CRs with increased sensitivity will provide further insights to reveal the origin of CRs in this 
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energy range. 

The measured dipolar anisotropy at the few % level above 8 EeV could result from the diffusive 
propagation of extragalactic cosmic rays in the extragalactic turbulent magnetic field. This could 
happen if the amplitude of the field is large and/or if the cosmic rays have a component with large 
electric charge [13]. A large-scale anisotropy is also expected in the case that magnetic deflections 
are small if the cosmic ray sources are distributed similarly to the matter in the universe, due to the 
fact that in our local neighbourhood, matter is distributed inhomogeneously. 
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1. Introduction 

The sources of ultra-high energy cosmic rays (UHECR) have not been identified so far, pre¬ 
sumably because of the deflection of the charged cosmic rays in the galactic and extragalactic 
magnetic fields. However, from such deflections fhe disfribufion of UHECRs arrival direcfions 
may show energy-dependenf pallerns. In parficular, a circular ‘blurring’ of fhe sources is expecfed 
from deflection in furbulenf magnefic fields, while energy-dependenf linear sfrucfures are expecfed 
from deflecfion in coherenf magnefic fields. To search for such patterns in fhe dafa collecfed wifh 
fhe Pierre Auger Observafory [1], we investigate fhe local Regions Of Inferesf (ROI) around cos¬ 
mic rays wifh E > 60EeV. We analyzed fhe cosmic rays wifh energies above E = 5 EeV arriving 
wifhin an angular separafion of 0.25 rad using fwo independenf mefhods [2]. In one mefhod we 
sfudy energy-energy correlafions befween pairs of cosmic rays depending on fheir angular separa¬ 
tion from fhe cenfer of fhe region. This mefhod is sensifive fo fhe circular patterns expected from 
particle deflection in furbulenf magnefic fields [3, 4]. In fhe second mefhod we decompose fhe di- 
recfional energy disfribufion of fhe cosmic rays along ifs principal axes. This mefhod is sensifive fo 
clusfers of cosmic rays as well as fo linear patterns expected from deflecfions in coherenf magnefic 
fields [5, 6 ]. 


2. Methods 


2.1 Energy-Energy Correlations 

The Energy-energy correlation is calculafed for every pair of UHECRs ij wifhin a ROI 
using 

^ (E,--(£(«,■))) (Ey-(£(«,■))) 

EiEj 

where Ei is fhe energy of fhe UHECR i wifh fhe angular separafion a, fo fhe cenfer of fhe ROI 
and (E,(a,)) is fhe average energy of all UHECRs af fhe angular separation a, from fhe center 
of fhe ROI. A pair of cosmic rays ij can confribufe posifively or negafively fo fhe disfribufion of 
flij. If one parficle has an energy above fhe corresponding average energy and fhe ofher below fhe 
corresponding average energy, fhe confribufion is negafive. A pair wifh bofh energies being below 
average as well as a pair wifh bofh being above average confribufe posifively. If fhere is a pattern 
in fhe energy disfribufion fhere are more positive correlafions fhan expecfed from isofropically 
disfribufed cosmic rays. 


2.2 Principal Axes 


The system of principal axes of fhe energy disfribufion H^=i, 2,3 is calculafed by successive 
maximizafion of fhe quantify 


Tf, = max 
rik 


^ Pi-nk 
L Pi\ 


( 2 . 2 ) 


wifh respecf fo fhe axes H), sfarfing wifh k = l. Here p, is fhe momenfum and ft), fhe exposure of fhe 
defector [7] in fhe direction of parficle i. The resulfing values of 2,3 quanlify fhe sfrengfh of fhe 
collimafion of fhe parficle momenfa along each of fhe fhree axes nk=i, 2 ,d, of th® principal sysfem. 
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Figure 1: Measurement of the (a) energy-energy correlation H and (b-d) observables Tf 2,3 with the Pierre 
Auger Observatory (red squares and error bars). The measurements are compared to distributions without 
patterns in the arrival directions of UHECRs (filled distributions). 

The first principal axis ni is the radial unit vector Cr pointing to the local barycenter of the 
energy distribution. The T\ value is thus a measure for the energy-weighted strength of clustering 
of the events. It is Ti = 1 for no dispersion of the particles in the region, whereas for an isotropic 
distribution of UHECRs in a region the expectation value is determined by the size of the region [ 6 ]. 

The second and third principal axes H 2 and H 3 can be written as linear combination of the 
unit vectors and eg. The T 2 value becomes maximal if H 2 is aligned with a linear distribution 
of UHECR arrival directions and can be thus used as a generalized multiplet analysis. It thus 
points along threadlike structures in the energy distribution of UHECRs. As the H 2 axis is chosen 
perpendicular to n\ and H 2 it has no additional physical meaning. However, the Tt, value contains 
information as it denotes the collimation strength perpendicular to the H 2 axis. 

3. Results 

We measured the EEC and ri, 2,3 distributions using 30,664 events recorded with the surface 
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detector of the Pierre Auger Observatory above 5 EeV. For the selected events we further required 
that the zenith angle of the events is smaller than 60° and that the detector stations surrounding the 
station with the highest signal are active [ 8 ] to obtain a sample with minimum potential biases. Of 
the selected events, 70 have an energy E > 60EeV and are at least 0.25 rad inside the field of view 
of the Pierre Auger Observatory. These events mark the ROIs used in this analysis. 

In Figure 1 the distributions of the EEC and the Ti 2.3 observables are shown together with 
the distributions expected from isotropic arrival directions of UHECRs. The measured distribu¬ 
tions of all four observables reveal no local patterns in the aiTival directions of UHECRs. The 
goodness-of-fit of the measurements compared to expected distributions without structure in the 
aiTival directions of UHECRs using a test, yields p-values which are all above p = 0.2 except 
for the distribution with p{T-i) = 0.01. However, this low p-value results from a lack of signal¬ 
like regions in the data which are expected to broaden the distribution, and thus does not indicate 
significant patterns. 



-180° 


Figure 2: Map of principal axes of the directional energy distribution using a Hammer projection and 
galactic coordinates. The red shaded areas represent the regions of interest. Black lines denote the second 
principal axes n 2 and black dots mark the positions of axes n\. The blue shading indicates the exposure of 
the Pierre Auger Observatory; the dashed line marks the extent of its field of view. 


In addition to the scalar distributions, the direction of the second principal axes H 2 can be 
displayed as the map shown in figure 2. If the axes are non-trivial, this map displays the directions 
of deflection of UEHCR in coherent cosmic magnetic fields. In simulation studies it was shown 
that the distribution of principal axes can contain information, even though the Ti 2,3 scalar values 
are compatible with isotropy [ 6 ]. We tested the reproducibility of the axes in subsets of the data 
by splitting the dataset into 12 independent subsets by chance and analyzing the variance of the 
directions in the subsets. We found no reproducibility of the axes in this analysis. 
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4. Discussion and Conclusions 

The non observation of significant patterns can be used to exclude all scenarios that predict 
otherwise. To illustrate the required procedure we simulated a simple model for extragalactic prop¬ 
agation of protons based on parameterizations as implemented in version 1.2 of the PARSEC soft¬ 
ware [9]. In particular we assume here, that the UHECRs originate from isotropically distributed 
point sources with equal luminosity and that the root-mean-square of the deflections of UHECRs 
with energies E from a source in distance D can be parametrized as 5 rms = Ce ^. The calcula¬ 
tions further account for energy losses of the UHECRs from interaction with extragalactic-photon 
backgrounds, effects from the expansion of the universe, and the deflection in the galactic magnetic 
field using the model proposed by Jansson and Earrar [10, 11]. 

We scanned the density of point sources and the strength of the deflection in the extragalactic 
magnetic field Ce in this scenario and derived a combined limit on both parameters using the CLs 
method [12]. Within this simplified scenario, we found that the deflection in the extragalactic 
magnetic field has to be larger than Ce = 10— 120°Mpc^^/^EeV for source densities smaller than 
lO^^Mpc^^. Eor protons with an energy E = lOEeV from a source at 16Mpc this translates to 
a required strength of the deflection in extragalactic space of more than 4° if the source density is 
smaller than 10^^ Mpc^^ and more than 25° if the source density is smaller than 10^^ Mpc^^. 
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a field of view ranging from 30° to 60° of elevation and are located next to one of the standard 
fluorescence detector sites (Coihueco). The combination of the HEAT and Coihueco telescopes 
covers a field of view from ~2° up to ~60° of elevation. Thus, the combination can sample the 
longitudinal profile of nearby lower energy showers, allowing us to extend the energy range down 
to 10'^ eV. 
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azimuth [deg] 



Figure 1: Example of a HeCo event with an energy of (3.7 ±0.1) x 10^^ eV. Left; the camera view, the 
timing of the pixel pulses is color-coded (early = blue, late = red). Right: the measured longitudinal prohle 
(black dots — HEAT, blue dots — Coihueco) with the Gaisser-Hillas ht (red line). The red point in both 
panels indicates the position. 


1. Introduction 

The knowledge of the composition of cosmic rays in the energy range of 0.1 to 1 EeV is a key 
ingredient to identify a possible transition from galactic to extra-galactic sources and for under¬ 
standing the nature of the energy spectrum features (ankle at 4 EeV and cut-off at ps 40 EeV). 

The depth at which the number of secondary air-shower particles reaches its maximum, A'max^ 
is one of the most robust observables for studying the mass composition [1]. Experimentally, the 
longitudinal profile of the shower development can be measured using fluorescence light emitted 
by molecules of atmospheric nitrogen excited by Extensive Air Shower (EAS) particles. At the 
Pierre Auger Observatory, which is continuously taking data since 01.2004, such measurements are 
performed using the fluorescence detector (ED) consisting of 24 telescopes placed at 4 locations 
and, since 06.2010, using the High Elevation Auger Telescopes (HEAT). With these telescopes the 
Eield of View (EoV) of the Coihueco (CO) site is expanded from 2 ± 30° up to 2 ± 60° of elevation, 
which allows one to observe nearby low energy showers {E < 10^^'* eV). In Eigure 1 an example of 
a low energy event in the enlarged EoV is shown: the track on the camera (left) and the longitudinal 
profile with the Gaisser-Hillas fit (right). 

The determination of the primary composition with ED data is performed using the charac¬ 
teristics of measured Xmax distributions of EAS. The first two moments of the Xmax distribution 
((Xmax) and a(Xmax)) are related to the first two moments of the distribution of the logarithm of 
masses of primary particles (InA and a (In A)) [2]: 


(Xmax) = (Xmax)p±/£(lnA) (1.1) 

a^(Xmax) = (aj,) ±/| a2(lnA). (1.2) 

(-^max)/? &nd are the mean Xmax for protons and the composition-averaged shower-to-shower 
fluctuations \ and is a parameter depending on details of hadronic interactions, properly 
parametrized from the interaction models for energies >10*^ eV. 

(Xmax) where /,■ is the relative fraction of mass A; 
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CO-HEAT (downward) 



Figure 2: Xmax difference between CO and HEAT (in downward mode) in MC simulation (red histogram) 
and data (blue dots). 

In this paper, nearly two years of calibrated HEAT data, from 01.06.2010 to 15.08.2012, are 
used to extend the previous measurement of the Xmax moments [1] from lO'^ ^ eV down to 10^^ eV. 

2. Data analysis 

The analysis presented in this paper is based on two datasets. The data collected by the stan¬ 
dard FD telescopes during the period from 01.12.2004 to 31.12.2012 (published in [1]), and the 
data collected with HEAT and Coihueco telescopes (HeCo) during the period from 01.06.2010 to 
15.08.2012. 

HEAT can be operated in upward and downward modes. The downward mode is when the 
telescopes are oriented such that their elevation angle extends up to 30° (same as the standard Auger 
telescopes). The upward mode is when they cover an elevation angle ranging from 30° to 60° (this 
is the HEAT standard operation mode). The HEAT downward mode is used for systematic cross 
checks, because it allows one to observe the same showers in coincidence with telescopes from the 
Coihueco site. In Figure 2 the Xmax difference between CO and HEAT in downward mode is shown. 
Data (blue dots) and simulations (red lines) are in agreement, which implies a good knowledge of 
the detector. 

The standard FD dataset contains events with energies above 10^’ ^ eV and the HeCo one 
contains events with energies above 10^^ ° eV. HeCo runs out of statistics at energies beyond 
E < lO'^ ^ eV. In order to combine two statistically independent datasets, we have removed from 
the standard FD dataset all Coihueco events with energies below E < 10^^'^ eV and recorded during 
the HeCo period (from 01.06.2010 to 15.08.2012). This cut has reduced the standard FD data by 
only 1377 events (out of 19759 events). 

2.1 Data selection 

The analysis is based on hybrid events, i.e. on events with geometries reconstructed using 
information on arrival times of both light in the cameras of FD telescopes and of the shower front 
at ground as measured by the ground station closest to the shower axis. We selected data recorded 
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Figure 3: resolution (left) and systematic uncertainties in the scale (right) as functions of energy. 


during stable running conditions and good atmospheric conditions [1]. In addition to these selection 
criteria a set of fiducial FoV cuts are applied to reduce to the minimum the detector effects in the 
sampled X^ax distributions (as explained in Section 2.2). 

For the HeCo dataset, specific correcfions fo (X^ax) and a(Xmax) are applied fo reduce residual 
biases, especially for fhe lower energy bins {E < lO'^'^ eV). 

2.2 FoV selection criteria 

A shower is reconstructed accurately only if its X^ax is within the FoV. Shallow or deep events 
are more likely to have their X max values outside the FoV and have larger chances to be excluded 
from the analysis. In general, at the lower energies where the showers are closer to the telescopes, 
the limited FoV biases the sample towards lighter composition (i.e. towards deeper Xmax values). 

For data satisfying the selection criteria explained in Section 2.1, a fiducial FoV is derived. 
This fiducial range is characterized by the lower Xiow and upper Xup boundaries. These parameters 
define the slant depth range where Xmax of each event would be reconstructed with a resolution bet¬ 
ter than 40 g cm^^. To have higher quality events, the X max value must fall inside these boundaries. 
Furthermore, if the values of Xiow and Xup are not within certain limits (i.e. Xiow and Xup should 
enclose the bulk of the Xmax distribution), the event is also excluded. 

The processes to calculate Xiow and Xup parameters, and the limits on them, are explained in 
detail in [1]. 

2.3 Estimating the Xmax moments 

After the application of all selection criteria, the moments of the Xmax distribution are esti¬ 
mated as described in [1]. Reconstruction and residual acceptance biases are estimated through 
simulations and corrected for. The observed width of the distribution is corrected by subtracting 
the detector resolution (Figure 3, left) in quadrature to obtain a (Xmax)- 

The systematic uncertainty in the X max scale is displayed in Figure 3 (right). At low energies it 
is dominated by uncertainties of the analysis procedure, at high energies atmospheric uncertainties 
give as well a significant contribution. 
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Figure 4: The mean (left) and standard deviation (right) of measured Xmax distributions of the two indepen¬ 
dent datasets: HeCo (blue circles) and the standard FD (red squares). 
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Figure 5: The mean (left) and the standard deviation (right) of the measured Xmax distributions (combining 
HeCo and standard datasets) as a function of energy compared to air-shower simulations for proton and iron 
primaries. 


2.4 Results and Interpretation 

In Figure 4 the X^ax moments estimated using HeCo and the standard FD datasets are com¬ 
pared. While (Xmax) differs by ~ 7 g cm^^ between datasets (within the uncorrelated systematics 
of the two analyses), the second moments a (Xmax) are found to be in a good agreement. For the 
combination of the datasets the HeCO (Xmax) is shifted by +1 g cm^^ and the resulting (Xmax) and 
a (Xmax) are shown in Figure 5. 

Between 10^^-° and eV (Xmax) increases by around 85 g cm^^ per decade of energy 

(Figure 5, left). This value, being larger than the one expected for a constant mass composition 
(~ 60 g cm^^/decade), indicates that the mean primary mass is getting lighter. Around ss eV 
the observed rate of change of (Xmax) becomes significantly smaller (~ 26 g cm^^/decade) indi¬ 
cating that the composition is becoming heavier. The fluctuations of Xmax (Figure 5, right) start to 
decrease at around the same energy « eV. 

The mean value of InA and its variance a^(lnA), determined from Equations (1.1) and (1.2), 
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Figure 6: The mean (left) and the variance (right) of InA estimated from data with EPOS-LHC (up) and 
QGSJetII-04 (down). 


are shown in Figure 6. For the parameters (Xmax)p> /e and EPOS-LHC and QGSJetII-04 
hadronic interaction models are used. 

For both models the similar trends with energy for (InA) and a^(lnA) are observed. The 
primary mass is decreasing reaching the minimal values at around 10^^ ^ eV and starts to increase 
for the higher energies. The spread of the masses is almost constant till ss eV and then starts 
to decrease, together with the behavior of (InA) that might be an indication that the relative fraction 
of protons becomes smaller for the energies above ss eV (see [3]). 
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We report for the first time on the measurement of the correlation between the depth of shower 
maximum and the signal in water-Cherenkov stations for events reconstructed by both the fluores¬ 
cence and the surface detectors of the Pierre Auger Observatory. Such a correlated measurement 
is a unique feature of a hybrid air-shower observatory and allows us to determine the purity of 
the cosmic-ray composition. The observed correlation in the energy range around the “ankle” 
lg(£’/eV) = 18.5 — 19.0 differs significantly from the expectations for pure beams, indicating 
that the primary composition in this range is mixed, unless the hadronic interactions at these 
energies behave very differently than in conventional, LHC-tuned event generators. 
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1. Introduction 

The determination of the mass composition of ultra-high-energy cosmic rays (UHECRs) is 
one of the most challenging problems for extensive air-shower (EAS) experiments; for a recent 
review, see [1]. Parameters of hadronic interactions at these energies are only loosely constrained 
by accelerator data and thus the evolution of the behavior of EAS properties with energy can in 
general be interpreted in terms of both changes of the primary mass and/or of the characteristics 
of the particle interactions. One way to try to resolve this ambiguity is to find shower parameters 
or their combinations that rely on more general aspects of EAS physics and are thus relatively 
insensitive to the uncertainties in the properties of the hadronic interactions. 

In particular, in [2] it was proposed to use the correlation between the depth of the shower 
maximum Y^ax and the number of muons of the EAS for the determination of the degree of 
purity of the beam, i.e., whether it is composed of several or just one nuclear species. In the 
present work we adapt this idea to the conditions of the Pierre Auger Observatory [3]. In place of 
Nil we use the total signal in water-Cherenkov detectors at 1000 meters from the core, ^(lOOO), 
a substantial fraction of which is due to muons: from 40% to 90% for zenith angles from 20° 
to 60° [4]. We show that the correlation (Ymax; ^(lOOO)) for pure primary beams for all current 
interaction models turns out to be close to zero or positive, while for well-mixed compositions with 
a large spread of masses it becomes negative (see [2]). Thus the correlation coefficient can be used 
to determine the dispersion, a(lnA), of primary masses, given by a(lnA) = \J (In^A) — (InA)^ 
where (InA) = l^, ./lTnA, and (In^A) = I^,/, ln^A,- with fi being the relative fraction of mass A,-. 

An estimation of the degree of purity of the primary beam in the energy range lg(£'/eV) = 
18.5 — 19.0 is of particular interest as a test of the ‘dip’ scenario [5]. In this scenario the break 
in the energy spectrum at around lg(£'/eV) = 18.7 results from electron-positron pair-production 
by extragalactic protons interacting with the cosmic microwave background. The ‘dip’ is well 
pronounced only if the fraction of heavier nuclei at the acceleration site is < 15% (see [6] and 
references therein). 

2. Data and simulations 

The analysis is based on the same hybrid events as used in [7] recorded by both fluorescence 
(ED) and surface detectors (SD) of the Pierre Auger Observatory during the period from 01.01.2004 
to 31.12.2012. The procedure of data selection, described in [7], guarantees that only high quality 
events are included in the analysis and that the mass composition of the selected sample is unbiased. 
The use of the signal in ground stations requires an additional application of the fiducial trigger 
cut [8] (the station with the highest signal should have at least 5 working neighbour stations), and 
exclusion of events with stations having saturated signal traces. The final data set for energies 
lg(£'/eV) = 18.5 — 19.0 and zenith angles 6=0° — 65° contains 1376 events. 

Monte-Carlo (MC) simulations are performed with CORSIKA [9] for high-energy interaction 
models QGSJetII-04 [10], Epos-EHC[ll] and Sibyll 2.1 [12]. EEUKA [13] is used to treat low 
energy interactions. Eor CORSIKA events, full detector simulation and reconstruction procedures 
with the Auger Off line software [14] are performed, and the event selection follows that applied to 
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Figure 1: Scatter plot of 5* (1000) for protons and iron of Epos-LHC from full detector simulations 

(left) and for data (right) for lg(£/eV) = 18.5 - 19.0. 


data. After selection, the proton samples for all models contain ~ 10^ showers; for heavier nuclei 
the samples vary from 5 • 10^ to 10^ showers. 

Since ^(lOOO) and Y max of an air shower depend on the energy and, in the case of ^(lOOO), also 
on the zenith angle, we scale ^(lOOO) and X^ax to a reference energy and zenith angle. In this way, 
a decorrelation between the observables from combining different energies and zenith angles in the 
data set is avoided. We scale ^(lOOO) to 38° and 10 EeV using the calibration curves from [15] 
and X m.ix to 10 EeV using an elongation rate of 58 g cm^^/decade. These scaled quantities will 
be marked with an asterisk: 5*(1000). Eig. 1 (right panel) shows the correlation between 

^max 5* (1000) observed in data. Also shown, for illustration purposes, are the simulations for 
proton and iron primaries with Epos-EHC. 

3. Method and results 

As a measure of the correlation between X^^^ and S*(1000) we take the ranking coefficient 
rQ introduced by Gideon and Hollister in [16]. All events are ranked in both X^^i^x and 5* (1000), 
and the measured values of these observables are replaced by ranks for calculating the correlation. 
Eurther, the values of ranks are not used directly to calculate tq, but rather the general statistical 
dependence between X^^^ and S*(1000) is estimated counting numbers of events with ranks devi¬ 
ating from the expectations for perfect correlation and anti-correlation. With respect to the classical 
Pearson and Spearman coefficients, tq provides a more robust estimate of the correlation [16, 17]. 
In particular, tq is less sensitive to the removal of the most influential events or to outliers. We 
also note that the difference between correlation coefficients found in data and MC simulations for 
pure beams gets larger using Pearson and Spearman coefficients (or a number of other correlation 
coefficients considered in [17]) compared to using rQ so that the choice of rQ can be also viewed 
as conservative. The statistical uncertainty of ro is determined using dedicated simulations and for 
the sample of size N it is astat(rG) ~ 0.9/s/N. 

In Table 1 we present the rQ values for data and for the simulations for pure beams. Compared 
to data, where the correlation is significantly negative rG(Xj* 2 x, 5'*(1000)) = —0.125 ± 0.024 (stat), 
the smallest difference is found for Epos-EHC protons and it is around 5astat- Pre-EHC versions 
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Table 1: rG(Y^ax!‘^*(1000)) for data and for MC simulations of pure beams (preliminary). Statistical 
uncertainties on the MC values are CTstat ~ 0.01. 


data 


-0.125 ±0.024 (stat) 
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Figure 2: Dependence of the correlation coefficients rQ on (j(lnA) forEpos-LHC (left), QGSJetII-04 (right). 
Each MC point corresponds to a mixture with different fractions of protons, helium, oxygen and iron, the 
relative fractions change with 0.1 steps (4 points for pure beams are grouped at (7(lnA) = 0). The shaded 
band shows the IcJstat interval for data. Vertical dotted lines indicate the range of a(lnA) in simulations 
compatible with the observed correlation in data. 


of Epos and QGSJetll produce values of correlations similar to Epos-LHC and QGSJetII-04. The 
differences between data and simulations are larger for pure beams other than protons. Using 
Pearson and Spearman coefficients one gets the same or slightly more positive values for pure 
beams as with rQ, and more negative correlation for data: r(Pearson) = —0.210 ± 0.038 (stat); 
r(Spearman) = —0.199 ±0.027 (stat). This result shows that the composition in the considered 
energy range is not pure but mixed. 

Pig. 2 presents the dependence of the correlation 5'*(1000)) on the dispersion of 

primary masses a (In A). Each MC point in this plot represents a mixture containing different 
fractions of protons, helium, oxygen and iron. The relative fractions /, of each species change with 
0.1 steps between different mixtures. There are four points corresponding to beams of pure p, He, 
O, and Pe, grouped on the left side at a (In A) = 0; of these, the proton beam has the smallest vq (cf. 
Table 1). The maximum possible value of a(lnA) ~ 2.01 corresponds to the 0.5 p -0.5 Pe mix. 

The value of the correlation in data, indicated with the shaded band, is compatible with the 
MC samples with dispersions of primary masses a (In A) > 1. The conclusions on a (In A) are 
similar for all models considered (for Sibyll 2.1 one gets almost identical results to QGSJetII-04, 


50 

























Composition at the "ankle”: pure or mixed? 


Alexey Yushkov 


cf. Table 1) and thus is weakly sensitive to the uncertainties in the description of the high-energy 
hadronic interactions. 

The robustness of the presented approach makes it suitable for testing the self-consistency of 
the hadronic interaction models. For example, using the fractions of primary nuclei obtained from 
the fits of Auger Ymax distributions [18] for QGSJetII-04 and Sibyll 2.1, which in the lg(£'/eV) = 
18.5 — 19.0 energy range are close to 0.5 p — 0.5 He (a(lnA) « 0.7), one gets vq ps 0.07 — 0.09. The 
incompatibility of this value with the results of the present correlation analysis may be an indication 
of deficiencies in fhese fwo inferacfion models. The composifion found in [18] from Ymax fits wifh 
Epos-LHC is close fo ss 0.35p — 0.30He — 0.350 mix (a(lnA) ss 1.17), and fhe corresponding 
correlafion rQ = —0.084 is wifhin 2a from fhe rQ value in dafa. 

4. Uncertainties 

A number of sfandard tests were performed for estimation of the robustness of the obtained 
results. These checks include analysis of data recorded in various time periods and by different 
FD telescopes, separation of data in several angular ranges, and study of rQ in smaller energy bins. 
Results were consistent in all cases. 

The ranking correlation coefficients are invariant with respect to any transformations not af¬ 
fecting ranks of the events. Thus rQ is insensitive to the systematic effects on or S* (1000) that 
might lead to shift or multiplication of these observables by a constant value. In particular we have 
checked that the recent changes in Auger energy and Xmax scales [19,7] do not change the observed 
correlation. The same insensitivity of rQ was observed with respect to the application of various 
FD selection cuts which have been used in our publications from 2010 [20] until 2014 [7]. Finally, 
we introduced arbitrary energy and zenith angle dependent biases in (up to 10 g cm^^) and 
5'*(1000) (up to 10%) and this changed rQ by ~ 0.01. We take that value as a conservative estimate 
of the systematic error on rQ. 

We checked whether moderate changes of hadronic interaction parameters could make the 
value of rQ predicted for a pure proton composition consistent with observations. Using the ap¬ 
proach described in [21] we performed simulations with Epos-LHC modifying the cross-section, 
multiplicity, elasticity and pion charge ratio in proton-air interactions by a factor /19 = 1.5, i.e. 
increasing them by a factor linearly growing with IgE from 1.0 at 10^^ eV to 1.5 at 10^^ eV with 
respect to the nominal values [21]. CONEX [22] with 3D option was used for approximate estima¬ 
tion of the signal in Auger stations at 1000 meters from the core. It turned out that rQ is practically 
insensitive to the modifications of these interaction parameters decreasing only by Arc < 0.03. The 
change in rQ due the increase of cross-section, still being small compared to the difference between 
data and pure proton expectations, is found to be zenith angle dependent and it would also lead to 
zenith angle dependent (and thus contradictory) conclusions on a (In A). Such a scenario is con¬ 
strained additionally by other Auger findings (e.g. regarding the proton-air cross section derived 
for lg(£'/eV) = 17.8 — 18.5 [23, 24]), making it implausible as an explanation of our observations. 

A possible under-production of muons by the current interaction models [25, 26, 27] could lead 
to changes in the ordering of events in the (Xj*^^, 5* (1000)) plane due to the presence of events with 
largely varying muon fractions of 5'*(1000). We performed a number of studies using CORSIKA 
showers and showers fully reconstructed with Off line with the numbers of muons increased by the 
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factors ranging from 1.1 to 1.9 and we have found that for the muon scaling by a factor « 1.3, as 
suggested by data for Epos-LHC [25, 26], the vq value decreseas by < 0.03. 

5. Summary 

The observed correlation rQ{X^^^, 5* (1000)) between depth of shower maximum and total 
signal at 1000 meters from the core differs significantly from the correlations for any pure beam 
for simulations with Epos-LHC, QGSJetll-04 and Sibyll 2.1. The result is invariant with respect to 
additive and multiplicative scale transformations of the two variables and to any other transforma¬ 
tions of Xmax and 5(1000) which leave ranks of events unchanged, and hence is robust against many 
possible experimental systematic uncertainties. Several modifications of hadronic interactions were 
studied. The conclusions remain robust also with regard to hadronic uncertainties, unless hadronic 
interactions at these energies behave very differently than in conventional, LHC-tuned event gen¬ 
erators. The results are compatible with a mixed primary composition around the ‘ankle’ with the 
dispersion of masses 1.0 < a(lnA) <1.7 and question the ‘dip’ scenario. 
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1. Introduction 

In 1931, Dirac showed that the existence of magnetic monopoles would explain the quanti¬ 
zation of the electric charge from the relation between the unit of electric charge e and the unit 
of magnetic charge gM = Nejla [1], where a is the fine-structure constant and N is an integer. 
In addition, it would bring Maxwell’s equations to a complete symmetry. Within the framework 
of Grand Unified Theories (GUT), supermassive magnetic monopoles (M « 10^^ eV/c^) may be 
produced in fhe early Universe as infrinsically sfable fopological defecfs af fhe phase fransifion 
corresponding fo fhe sponfaneous symmefry breaking of fhe unified fundamenfal inferacfions [2]. 
Lower mass monopoles may come from later phase transitions at lower energy scales. These par¬ 
ticles may be present in the Universe today as a relic of these transitions. Experimental searches 
for magnetic monopoles are based on their velocity-dependent interactions with matter, with a 
wide range of velocities allowed for GUT monopoles. Supermassive GUT magnetic monopoles 
should be gravitationally bound to the Galaxy (or to the Sun and Earth) with non-relativistic virial 
velocities [2]. Eighter magnetic monopoles can reach relativistic velocities through acceleration 
in coherent domains of the galactic and intergalactic magnetic fields, as well as in fhe vicinity of 
asfrophysical objecfs (e.g. neufron sfars) [3]. Kinetic energies of fhe order of 10^^ eV have been 
predicfed [4], which resulf in ulfra-relafivisfic velocifies for infermediafe mass monopoles (IMMs, 
M~ 10“-1020 eV/c^). 

There is a long hisfory of experimenfal searches for magnefic monopoles wifh a variefy of 
experimenfs such as MACRO [5], Amanda [6], Baikal [7], SEIM [8], RICE [9], ANITA [10] 
and IceCube [11]. The sfrongesf upper limif on fhe flux of non-relafivisfic magnefic monopoles 
(j8 = v/c < 0.5) comes from fhe MACRO experimenf af « 1.5 • 10^^® (cm^ sr s)^^ (90% C.E.) 
[5]. Af relativistic velocities (j8 « 0.9), fhe IceCube Observatory has placed fhe besf limif af 10^*^ 
(cm^ sr s)^^ [11]. The besf limit on the flux of ulfra-relalivislic IMM (Eorenfz factor y > 10'°) is 
reported by fhe ANITA-II experimenf af 10^'^ (cm^ sr s)^' [10]. 

The Pierre Auger Observafory is fhe largesl defecfor fo observe ulfra-high energy cosmic rays 
currenfly in operafion [12] locafed in fhe soufhern hemisphere in cenfral Ar'genfina, jusf norfh 
easf of fhe town of Malargiie (69°W, 35°S, 1400 m a.s.l.), and covers a ground area of 3,000 
km^. The Pierre Auger Observatory consisfs of a surface defecfor array (SD) of 1660 individual 
wafer-Cherenkov surface detectors [13] overlooked by a fluorescence defecfor (ED) of 24 individ¬ 
ual fluorescence telescopes grouped in unifs of 6 af four locations [14]. Since fhe ED steadily 
observes UHECRs using a huge largel volume in fhe afmosphere wifh high precision measure- 
menfs, if would be a suifable defecfor fo search for signals generated from ulfra-relafivisfic IMMs. 
Therefore, we search for ulfra-relafivisfic IMMs wifh dafa collected by fhe ED befween 01.12.2004 
and 31.12.2012. 

2. Air Shower Simulations for the IMM Search 

Elecfromagnefic inferacfions of magnefic monopoles have been exfensively invesfigafed [15]. 
The elecfromagnefic energy loss of a magnetic monopole in air is shown in Eigure 1(a) as a func¬ 
tion of ifs Eorenfz facfor. Collisional energy loss of a magnefic monopole is fhe dominanf con- 
fribufion for y < 10"'. Af higher Eorenfz factors, pair producfion and phofonuclear inferacfions 
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Figure 1: (a) Energy loss of a magnetic monopole in air as a function of its Lorentz factor 7 . (b) Longitudinal 
profile of the energy deposited by an ultra-relativistic IMM of Emon = 10^^ eV, y— 10*^ and zenith angle of 
70° (red solid line). The profile of an UHECR proton shower of energy lO^*' eV is shown as a black solid 
line. 


become the main cause of energy loss. Bremsstrahlung is highly suppressed by the large monopole 
mass. An ultra-relativistic IMM would deposit a large amount of energy in its passage through the 
Earth’s atmosphere, comparable to that of an UHECR. Eor example, an IMM with 7 = 10^' loses 
400 PeV/(g/cm^) (cf. Eigure 1(a)), which sums up to « 10^°'^ eV when integrated over an atmo¬ 
spheric depth of ss 1000 g/cm^. This energy will be dissipated by the IMM through production of 
secondary showers along its path. 

The longitudinal profile of the energy deposited by an ultra-relativistic IMM of Emon = 10^^ eV, 
7 = 10^' and zenith angle of 70° is shown in Eigure 1(b). When compared with a standard UHECR 
proton shower of energy 10^° eV (black solid line in Eigure 1(b)), the IMM shower presents a much 
larger energy deposit and deeper development, due to the superposition of many showers uniformly 
produced by the IMM along its path in the atmosphere. This distinctive feature will be used in our 
analysis, which is based on the shower development measured by the ED and SD events. 

Monte Carlo samples of ultra-relativistic IMM were simulated for Eorentz factors in the range 
7 = 10^ — 10^^ at a fixed monopole energy Emon of 10^^ eV. While we used a fixed Emon in the 
simulafions, fhe resulfs can be readily applied fo a much larger range of monopole energies, since 
in fhe ultra-relafivisfic regime of fhis search fhe monopole energy loss does nof depend on Emon buf 
rafher on 7 . To esfimafe fhe background from UHECRs, we simulated profon showers wifh energy 
Ep befween lO'^ eV and 10^^ eV by fhr'ee differenl models, QGSJelII-04, Sibyll 2.1 and Epos-EHC. 
We used fhree differenl models lo accounl for uncerlainlies in fhe hadronic inleraclions. Evenls 
were simulated according lo an Ep"' energy speclrum, lo ensure sufficienl Monle Carlo slalislics 
al fhe highesl energy, and Ihen approprialely weighted lo reproduce Ihe energy speclrum measured 
by Ihe Pierre Auger Observatory [16]. Eor bolh Ihe IMM and UHECR simulafions, we used Ihe 
CORSIKA package [17] to generate an isolropic dislribulion of showers above Ihe horizon, and Ihe 
Auger Off line software [18] to produce Ihe corresponding ED and SD evenls. 
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Event selection criteria 

# events 

(%) 

Reconstructed events 

376084 

— 

Zenith angle < 60° 

360159 

95.8 

Distance from nearest SD<1500 m 

359467 

99.8 

Number of ED pixels > 5 

321293 

89.4 

Slant depth interval > 200 g/cm^ 

205165 

63.9 

Gaps in profile < 20% 

199625 

97.3 

profile fil ;^^/ndf < 2.5 

197293 

98.8 

dE/dX\xnp > 3.0 PeV/(g/cm2) 

6812 

3.5 

-^max ^ -^up 

352 

5.2 

2fup > 1080 g/cm^ or dE/dX\xvi^ > 150 PeV/(g/cm^) 

0 

0.0 


Table 1: Event selection criteria and unblinded result. The number of events passing each selection criteria 
is reported, together with the corresponding fraction. 


3. Event Selection 

Before shower selection, only time periods with a good status of FD telescopes and a high 
quality calibration of the gains of PMTs are selected using information in Auger databases. Ad¬ 
ditional cuts are applied to assure good atmospheric conditions due to aerosols and clouds. A 
further set of selection criteria was applied to ensure good quality showers as summarized in Ta¬ 
ble 1. Those criteria for IMM selection were established from Monte Carlo simulations described 
in Section 2. 

The important parameters for the IMM search are the slant depth at the upper field-of-view 
boundary, Aup, and the energy deposited at Aup, dE/dX\x\i^- The requirement dE/dX\xap >3.0 
PeV/(g/cm^) is equivalent to an energy threshold of ss 10^*'^ eV, where the SD is fully efficient. 
When Xmax > Xup is required, the number of proton backgrounds is drastically reduced and become 
constrained in a much smaller region, as shown in Figure 2(a). On the other hand, the reconstructed 
Xmax will always be outside the FD field of view for ultra-relativistic IMM showers, independently 
of the shower’s Xup. This is apparent in Figure 2(b), where the correlation of dF/r/Xlxup with Xup 
is shown for ultra-relativistic IMM simulated events. The background from UHECRs is almost 
eliminated by excluding an appropriate region of the (Xup, dE/dX\x\i^) plane. We optimized the 
selection to achieve less than 0.1 background events expected in the data set of this search. The 
final requirement, Xup > 1080 g/cm^ or dE/dX\xuvi > 150 PeV/(g/cm^), is shown in Figure 2 as a 
dashed box, and results in an expected background of 0.07 events in the search period data set. 

4. Data Analysis and Results 

The search for ultra-relativistic IMM was performed following a blind procedure. The se¬ 
lection criteria described in Section 3 were optimized using Monte Carlo simulations and a small 
fraction (10%) of the data. Then, the selection was applied to the full sample of data collected 
between 01.12.2004 and 31.12.2012. The number of events passing each of the selection criteria is 
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Figure 2: (a) Correlation of dE/dX\xuv with Xup for simulated UHECR proton showers passing the quality 
selection criteria. The color-coded scale indicates the number of events expected in the search period data set. 
Only events outside the dashed box are kept in the final selection for ultra-relativistic IMM. (b) Correlation 
of (fF/t/Xixup with Xup for simulated ultra-relativistic IMM of energy 10^^ eV with Lorentz factor 7 = lO". 
The color-coded scale indicates the number of events expected in the search period data set assuming a flux 
of 10^^’^ (cm^ sr s)^'. Only events outside the dashed box are kept in the final selection for ultra-relativistic 
IMM. 


reported in Table 1. The correlation of d£'/t/X|xup with Xup for events passing the shower quality 
criteria and X^ax > Xup is shown in Figure 3(a). 




log(T) 


(a) Unblinded result 


(b) 90% C.L. upper limit 


Figure 3; (a) Correlation of dEldX\xuv with Xup for the data sample passing the shower quality selection 
criteria and Xnax > Xup. The color-coded scale indicates the number of events. No event is found outside 
the dashed box in the final selection for ultra-relativistic IMM. (b) 90% C.L. upper limits on the flux of 
ultra-relativistic IMM: this work (black solid line); Parker bound (blue dashed line) [19]; SLIM (sky blue 
dashed line) [ 8 ], MACRO (green solid line) [5], IceCube (blue solid line) [11], RICL (pink dotted line) [9] 
and ANITA-II (red line) [10]. The MACRO and SLIM limits above 7 = 10^ were weakened by a factor of 
two to account for the IMM attenuation through Larth. 


Given the null result of the search, a 90% C.L. upper limit on the flux of ultra-relativistic IMM 
was derived. The flux <I> of ultra-relativistic IMM of Lorentz factor 7 is given by <I>( 7 ) =klS[y) 
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with a value k = 2.44 (the Feldman-Cousins upper limit [20] for zero candidates and zero back¬ 
ground events because the background events are conservatively assumed to be 0 instead of 0.07 
expected events described in Section 3). The exposure, (p ( 7 ), determined by Time Dependent 
Detector Simulation [21], which makes use of slow control information and atmospheric measure¬ 
ments recorded during the data taking with considering the efficiency in IMM detection under the 
event selection criteria. The systematic uncertainty of the limit originating from the uncertainty of 
the exposure and dE/dX\xap cut is 21 %. The propagation of uncertainties from the event statistics 
and systematics would lead to limit that is worse by a factor of 1.05 [22]. Here we follow a con¬ 
servative approach and account for the systematics without propagation. We increase the limit by a 
factor / = 1 -|-« X 0.21, where n= 1.28 corresponds to 90% C.L. value. The corresponding upper 
limits for different Lorentz factors are shown in Figure 3(b), together with results from previous 
experiments. Our result represents the best limit on ultra-relativistic IMM for 7 > 10^, with a factor 
of ten improvement with respect to previous experiments for 7 > 10 ^°. 

5. Conclusions 

We have reported an analysis procedure and an event selection to search for signals produced 
by ultra-relativistic IMMs with FD of the Pierre Auger Observatory. Using this analysis, there is 
no candidate for IMMs signal in the data collected by the FD from 2004 to 2012. Therefore, we 
have evaluated a flux limit of <I> 9 o%c.l. ~ 10 ^^*^ (cm^ s sr)^' for logio( 7 ) > 10 which is a order of 
magnitude stronger than all previous published experimental limits. 
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1. Introduction 

Searches for ultra-high energy (UHE) photons and neutrinos are amongst the methods used to 
unravel the mystery of the origin of cosmic rays of the highest energy. Protons and nuclei inter¬ 
acting with the universal low energy photon background (CMB) are expected to produce a flux of 
UHE photons that can propagate for a few tens of Mpc without being absorbed and neutrinos (from 
the decay of charged pions, muons and neutrons) that can travel to the observer with no interaction 
or deflection. The expected cosmogenic fluxes depend on the composition and maximum energy of 
CRs at the sources and the emissivity, distribution and cosmological evolution of the acceleration 
sites. Thus, observing UHE photons or neutrinos, can pose constraints on the UHECR origin and 
properties of the sources. 

The Surface Detector array (SD) of the Pierre Auger Observatory covers ~3,000 km^ with a trian¬ 
gular grid of water-Cherenkov Detectors (WCD) [1] providing a very large exposure for the search 
of UHE neutrinos and photons. We report here upper limits to the diffuse fluxes obtained with the 
analysis of data collected between 2004 and mid-2013. 

2. Search method 

SD observables for the searches of neutrino and photons are identified on the base of the ex¬ 
pected physical differences between signal and background, quantified using simulations of air 
showers initiated by signal particles. The background of showers induced by nuclei is not sim¬ 
ulated, instead a fraction of the data set is used as a training sample to define the selection for 
candidate signal events. The search sample consists of the remaining events. 

2.1 UHE neutrinos 

The search for neutrinos exploits the extremely small cross-section of the signal particles. At 
large zenith angles (0 >60°) the thickness of the atmosphere traversed is large enough to absorb 
almost completely the electromagnetic component of showers initiated by nucleons or even pho¬ 
tons, leaving their signal dominated by muons. Showers initiated by neutrinos very deep in the 
atmosphere, on the other hand, have a considerable amount of the electromagnetic component re¬ 
maining (“young” showers). Two types of neutrino-induced showers are sought: 

(1) Earth-Skimming (ES) showers ( 90° < 6 < 95°, induced by travelling upward with respect 
to the vertical at the ground) can skim the crust of the Earth and interact close to the surface, pro¬ 
ducing a T lepton which can decay in flight in the atmosphere close to the SD. At 10** eV the mean 
decay length of the T lepton is ~50 km. 

(2) Downward-Going (DG) showers (60° < 6 < 90°) initiated by neutrinos of all flavours inter¬ 
acting in the atmosphere close to the SD through neutral current or charged current interactions, as 
well as showers produced by interacting in the mountains surrounding the observatory. 

The v-nucleon interactions for DG neutrinos in the atmosphere are simulated with HERWIG [2]; 
the T propagation in Earth and in the atmosphere with TAUOEA [3] (with v-nucleon cross-section 
from [4]); the subsequent air shower is simulated with AIRES [5]. To identify neutrinos we search 
for very inclined “young” showers. Signatures of inclined showers are: large ratio length/width 
(EAV) of the major/minor axis of the ellipse encompassing the footprint of the shower (Eig. 1 (i)) 
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Figure 1: The footprint of an inclined event (i) on 
the SD detector: colours from light to dark repre¬ 
sent trigger times from early to late, circle areas are 
proportional to the logarithm of the total signal in 
individual stations. L, the direction of arrival pro¬ 
jected on the detector plane, is the major axis of 
the ellipse encompassing the footprint, W the mi¬ 
nor axis. An example of a time trace in a SD station 
digitised with a FADC in 25 ns bins is shown in 
(ii): a larger fraction of electromagnetic (em) sig¬ 
nal produces a larger Area over Peak (AoP) ratio 
and a larger risetime. 


Figure 2: Distributions of (AoP) (the variable 
used to identify neutrinos in the ES selection for 
data after 01/06/2010) after applying the inclined 
shower selection. The distributions for data in the 
training period (full grey histogram) and search pe¬ 
riod (black histogram) are normalised to the same 
number of events. The blue histogram shows the 
simulated ES events. The vertical line repre¬ 
sents the cut on (AoP) above which an event is re¬ 
garded as a neutrino candidate. An exponential ht 
to the tail of the distribution of training data is also 
shown as a red dashed line - see text for details. 


and the distribution of apparent speeds of the trigger time between stations being required to have 
an average value close to the speed of light and a small RMS. Large values of the Area-over-Peak 
ratio (AoP, Fig. 1 (ii)) in the time traces indicate a large contribution of the electromagnetic compo¬ 
nent. For all the channels the observable used to identify neutrinos is generally based on the AoP of 
stations: the full selection strategy is described in [6]. The region for neutrino candidates is defined 
using a training data sample (~20% of the whole data set). From the distribution of the data in the 
training set, the range of the separation variable in which 1 event is expected in 50 yr on the full 
SD array is defined. Any evenf in fhis range is considered as a neufrino candidafe. Fig. 2 illusfrafes 
fhe exponenfial fif of fhe fail of fhe dafa distribution for the ES channel, using the average AoP of 
early stations as the discriminating variable [6]. The results on the search sample are also shown. 

2.2 Photons (Ey >10 EeV) 

Showers induced by photons are characterised by a lower content of muons and larger aver¬ 
age depth of maximum longitudinal development (Xmax) than showers initiated by nuclei with the 
same energy. This is due to the radiation length being more than two orders of magnitude smaller 
than the mean free path for photo-nuclear interaction, causing a reduced transfer of energy to the 
hadron/muon channel, and to the development of the shower being delayed by the typically small 
multiplicity of electromagnetic interactions. The Landau-Pomeranchuk-Migdal (LPM) effect be¬ 
comes important beyond 10 EeV. At Ey >50 EeV - for the site of the Pierre Auger Observatory - 
photons can also convert in the geomagnetic field producing a pre-shower [7], with the probability 
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of this occurring increasing with energy and depending on the arrival direction with respect to the 
field. The resulting air-shower is, in this case, a superposition of cascades initiated by lower energy 
electrons and photons with smaller (X^ax) and larger ratio of muonic to electromagnetic content, 
at ground level, than showers induced by non-converted photons of the same energy [8]. 

The effects of pre-shower and LPM are both included in the simulations of photon showers used for 
this analysis, generated with an energy spectrum . Air showers are simulated with CORSIKA 
[9] (including PRESHOWER [10]), with QGSjetlLOS [11] as hadronic generator. 

Photons are searched for in the 30° < 6 < 60° zenith ranged the reconstruction of the energy- 
related observable S(IOOO), the signal in VEM (vertical equivalent muons) at 1000 m from the 
shower axis, is the same as for the SD spectrum analysis [12], where the function used to fit the 
lateral distribution of the signal (LDP) has a shape parameterised to describe the bulk of Auger 
data. The conversion of (^(lOOO),^) to energy is specific for the photon search. An iterative pro¬ 
cedure similar to the one described in [13] is used, assuming the universality of 5'(1000)/£'“ as a 
function of DX = Aobs — 2fmax (DX is the difference in atmospheric depth between the observation 
level and the shower X^^x, used as an indicator of the shower age, i.e. stage of development of 
the cascade). To avoid analysing showers not fully developed, we require Xmax to be no more than 
50 g cm^^ below the ground level {DX > —50 g cm^^). The universal profile is described with a 
Gaisser-Hillas function whose parameters, together with a, are calibrated with photon simulations. 
The reduced muon content of photon showers with respect to data (~ 15% compared to protons at 
10 EeV, for QGSjetII.03) produces a steeper lateral distribution of the signal observed in WCDs at 
ground level. At large distances from the axis, photon showers produce typically smaller signals 
than expected from the data LDP (Pig. 3 (i)). We thus define an event observable measuring the 
departure from the average data LDP as the logarithm of the average deviation of the station signal 
from the event LDP: L^df = l^;5'i/LDF(r,)) where i runs over the stations with radial 

distance from the shower axis r, > 1000 m, 5, is the total signal of the i-th station, LDF(r,) is the 
signal value at distance r, according to the LDP fit. Lldf is expected to be negative for photons. 
The spread in the arrival time of secondary particles in individual stations can be measured defin¬ 
ing the risetime as the difference between the 50% and 10% time quantiles of the PADC time 
trace (Pig. 1 (ii) on page 63). The risetime is not only increased by a larger contribution of the 
electromagnetic component, it also increases when the difference in depth between X^^x and the 
observation level becomes smaller, for geometrical reasons. Being sensitive to both the deeper 
2fmax and limited muon content of photon showers, the risetime is a suitable variable for the search 
of photons. The raw risetime is corrected for azimuthal asymmetry effects (i.e. difference between 
earlier and later triggering stations in an inclined event) obtaining ti/ 2 - The correction is based 
on the average effect observed in data. A “Data Benchmark” is produced to describe the average 
risetime of data. Sampling fluctuations, are also estimated from the data, using the difference 
of the measurements of station doublets (a station in the regular SD grid plus a second station off- 
grid deployed close to it) or station pairs (two stations in the same event with similai' distance from 
the axis and total signal). Por each station, 5,- = {t^^ — /^fi /2 nis^^ures the deviation of the 

corrected risetime of the station from the data benchmark in units of expected standard deviation 

*The (Jfmax) of photons at 10 EeV is already ~ 100 g larger than the atmospheric vertical depth at the 

site. Selecting a minimum zenith of 30° (observation depth ~1020 g cm^^) guarantees that most UHE photon-induced 
showers are fully developed at the depth of observation. 
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Figure 3: A shower induced by a photon of 
^20 EeV simulated with a zenith angle of 45°: 
(i) the lateral distribution of signals in the WCDs 
is steeper than the LDF obtained from data (solid 
line) and (ii) the risetime of selected stations is 
larger than the average data benchmark (solid 
line) - see text for details. 



Figure 4: Principal component analysis for the 
photon search. The training data sample and a 
set of simulated photons, not undergoing pre¬ 
showering, are used to find the principal com¬ 
ponent (black line), i.e. the linear combination 
of gA and gL^oF that maximises the separation 
of the two sets. The principal component is used 
as separation variable for the photon search. 


(Fig. 3 (ii)). For photon searches an event observable A = {Y,iSi)/N is defined, where the sum 
runs over stations with S > 6 VEM, and radial distance in the range 600-2000 m. A minimum of 
4 selected stations is required. A is expected to average ~0 for data and to be significantly positive 
for air showers initiated by photons. 

The observables L^jf and A are redefined to obtain a distribution with mean zero and standard de¬ 
viation 1 for photon showers. Taking x = or x = A, we define: gx= {x—Xy{Ey,6))/Oj{Ej,d). 
The resulting distribution is shown in Fig. 4 for the training data set (grey) consisting of 2% of data, 
and photon simulations (red). Only events with reconstructed photon energy >10 EeV, and photons 
not converting in the geomagnetic field are considered^. A Principal Component Analysis (PCA) 
on the training data set and unweighted photon simulations defines the first component, used for the 
selection of photon candidate events (Pig. 4). Its distribution is shown in Pig. 5 for the search data 
set (98% of data collected between 01/01/2004 and 15/05/2013) and photon simulations weighted 
to an E^^ spectrum. The photon candidate cut is defined, with an “a priori” choice, to be the value 
of the median of the weighted distribution of non-pre-showering photon simulations. Any event 
with principal component larger than the median cut value is considered as a photon candidate. 


3. Results 

After application of the selection criteria to the data, no event collected between 01/01/2004 
and 20/06/2013 is selected with the neutrino cuts, while 4 events survive the photon cuts in the pe- 

^The distribution of the observables is different for photons pre-showering or not, as a consequence of the differences 
in (Xmax) and ratio of muonic to electromagnetic signal at ground. Non-preshowering photons initiate cascades from 
the interaction of a primary photon with the atmosphere and they are the larger subset in the energy range considered 
(relative contributions are visible in Fig. 5). 
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Principal component 


Principal component 



Principal component 


Figure 5: Photon search: distributions of the principal component for events in the search sample (black) 
photons non pre-showering (red) and pre-showering (blue) for three different energy thresholds. Photon 
simulations are weighted to an spectrum and the median of the non pre-showering photon distribution 
is defined as the photon candidate cut (vertical line). The photon distribution is normalised to the number of 
data. Only 4, 2, 0 events survive the selection. 


riod between 01/01/2004 and 15/05/2013. The corresponding exposure is determined by applica¬ 
tion of the same criteria to simulated showers induced by signal primaries. Assuming a differential 
flux dN{E) = k ■ for both neutrinos and photons, upper limits to their flux are derived. 


3.1 Limits to the flux of neutrinos 


An upper limit on the value of k is obtained at a confidence level CL: 


k 


CL 

V 


^CL 

_yw_ 

4£-Vtot(£v)^/£v 


(3.1) 


where is the upper limit at confidence level CL to the number of neutrino events, assuming 
conservatively that no background event is expected. is determined from the number of can¬ 
didates using a semi-Bayesian extension [14] of the Feldman-Cousins approach [15] to include the 
uncertainties in the calculation of the exposure (ftot(£^v) combined for all the search channels. The 
relative contribution of the selection channels to the total expected event rate is ES:DG~0.84:0.16, 
under the hypothesis Vg : = 1 : 1 : 1. Details of the neutrino exposure calculation and values 

as a function of Ey are reported in [6] . The single-flavour limit to the normalisation factor of the 
diffuse flux of neutrinos is: 


< 6.4 X 10^‘^ GeV cm^^ s^‘ sr^^ (3.2) 

for Ey = 0.1 — 25 EeV, defined as the energy range containing symmetrically 90% of the expected 
events for an Ey^ flux. An extensive study of systematic uncertainties is included [6]. 

The SD of the Auger Observatory is the first air shower array to set a limit below the Waxman- 
Bahcall bound [19]. As shown in Eig. 6, cosmogenic v models that assume a pure primary proton 
composition at the sources for strong evolution (ERll-type) of the sources [17] and constrained by 
the GeV observations of Eermi-EAT [16] are disfavoured. The current Auger limit is approaching 
the fluxes predicted under a range of assumptions for the composition of the primary flux, source 
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Neutrino single flavour limits (90% C.L.) c°r,mogenic . 



Figure 6: Upper limits to the diffuse flux of 
UHE neutrinos at 90% C.L. in integrated (hor¬ 
izontal lines) and differential form. Limits de¬ 
scribed in this work (red lines) are compared 
with cosmogenic neutrino models [16, 17, 18], 
the Waxman-Bahcall bound [19], and limits 
from IceCube [20] and ANITA [21]. All neu¬ 
trino limits and fluxes are converted to single¬ 
flavour. 


Photon limits 95% C.L 



Figure 7; Upper limits at 95% C.L. to the diffuse 
flux of UHE photons derived in this work (black) 
shown together with previous results from the 
Pierre Auger Observatory with hybrid (Hyb) and 
SD data [22], Telescope Array (TA) [23], Yakutsk 
(Y) [24], Haverah Park (HP) [25], AGASA (A) 
[26] and predictions from several top-down [27, 
28] and cosmogenic photon models [27, 17]. 


evolution and model for the transition from galactic to extragalactic cosmic-rays [18]. A 10-fold 
increase in the exposure will be needed to reach the most optimistic predictions in case of a pure 
iron composition at sources, out of the range of the current configuration of the observatory. 

3.2 Limits to the integrated photon flux 

The upper limits on the integral flux of photons, for Ej > Eq, are defined as: 

^CL 

E^^{Ey>E^) = ^ (3.3) 

where Ey is assigned according to the photon energy reconstruction; is the Feldman-Cousins 
upper limit to the number of photon events computed at a confidence level CL in the hypothesis of 
no background event expected; {(E) is the spectrum-weighted average exposure in the energy range 
Ey > Eq. In the period of data taking considered, the value of {(E) is 5200, 6800, 6300 km^ sr yr, 
for Ey > 10, 20, 40 EeV respectively. The limits to the integral flux are: 

E^^‘^°{Ey > 10, 20, 40 EeV) < 1.9, 1.0, 0.49 x 10^^ km^^ (-3 4 ) 

The limits to the diffuse flux of photons obtained with the Auger Observatory are the most stringent 
currently available above 1 EeV (Eig. 7). Top-down models of photon production from the decay 
of heavy primordial particles [27, 28] are strongly disfavoured. Preliminary limits derived in this 
work for Ey > 10 EeV start constraining the most optimistic predictions of cosmogenic photon 
fluxes in the assumption of a pure proton composition at the sources [27]. Cosmogenic models 
using a primary spectral index of -2 and maximum energy of 10^^ eV at the sources [17] predict an 
integrated photon flux above 10 EeV ~4 times lower than the current limits in the case of proton 
primaries, ~2 orders of magnitude lower if iron nuclei are injected at the sources. 
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from shower simulations, we find for both of our adopted models of hadronic physics (QGSJetll- 
04 and Epos-LHC) an indication that the mean cosmic-ray mass increases with energy, as has 
been inferred from other studies. However the absolute values derived for the mass are dependent 
on the shower model and on the range of distance from the shower core selected. Thus the method 
has uncovered further deficiencies in our understanding of shower modelling that must be resolved 
before the mass composition can be inferred from (sec 0)max- 
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1. Introduction 

The measurement of the mass composition of ultra-high energy (UHE) cosmic rays {E > 10^^ 
eV) is one of the greatest challenges in this field, not only due to the large fluctuations result¬ 
ing from the stochastic nature of the extensive air-shower (EAS) development but also because it 
is necessary to make assumptions about the hadronic physics in regions of phase space not cov¬ 
ered by measurements at accelerators. The Pierre Auger Observatory [1] uses two complementary 
techniques for the detection of EAS from UHE cosmic rays: a Eluorescence Detector (ED) that di¬ 
rectly registers their longitudinal development and a Surface Detector Array (SD) that samples the 
shower tail by means of water-Cherenkov detectors. Although the ED provides a well-established 
technique for mass composition via the direct measurement of the depth of shower maximum, A^ax 
[2, 3], its duty cicle is < 13%. Therefore different techniques using the SD, which operates ~ 100% 
of time, are being developed [4, 5, 6]. This paper is focused on an SD observable that is related 
to the azimuthal asymmetry found in the risetime of the signals with respect to the direction of the 
incoming air-shower. This asymmetry in its turn is related to the stage of the shower development 
and, as will be shown, has the potential to give alternative insights into the matching of data to 
mass and hadronic models. 

2. Concept of azimuthal asymmetry in the risetime 

The Auger water-Cherenkov detectors measure the spread in anival times of the signals pro¬ 
duced by the different components of an EAS. The risetime ^l/ 2 ^ defined as the time of increase 
from 10% to 50% of the total integrated signal, is a useful parameter in composition studies. While 
in vertical showers the SD signals show a perfect circular symmetry around the polar' angle in the 
shower plane, in inclined showers, particles reaching late detectors {n/2 <c< — nil, see Eig. 1) 
traverse longer atmospheric paths than those ainiving to early detectors {—njl < C < ^/2). Con¬ 
sequently for inclined showers, both the magnitude and risetime of the signals depend on The 
method described here uses the above-mentioned azimuthal asymmetry. 

The observed azimuthal asymmetry is due to two effects. On the one hand, a contribution 
comes from the quenching of the electromagnetic signal. Since the particles that reach late detec¬ 
tors traverse longer atmospheric paths, we expect a bigger attenuation of electrons and photons as 
compared to early detectors. On the other hand, there are also contributions to the asymmetry from 
geometrical effects. In this case, not only is the electromagnetic component important, but muons 
also play a role. Although track length and solid angle effects are compensated by the near-cubical 
design of the detectors, the angular distributions of muons impinging on the detectors are differ¬ 
ent, as late detectors record more muons emitted closer to the shower axis. Geometrical effects 
predominate at low zenith angles, while for showers with 0 > 30° attenuation effects are the main 
contribution. 

The azimuthal asymmetry of the tj /2 depends on the distance to the core r in the plane of the 
shower front, since the larger is r the larger is the difference in atmospheric paths between early 
and late stations. In addition this asymmetry depends on the zenith angle of the shower, 0. No 
asymmetry is expected for vertical showers: it grows with 0 and finally this trend reaches a point 
where the EM component is quenched due to the longer atmospheric path travelled and the shower 
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Figure 1: Schematic view of the shower geometry with the notation used in this paper. The incoming 
direction of the primary particle defines two regions: early (—njl < C < ^/2) and late {n/2 < C < ~^/2). 
Note the different amount of atmosphere traversed by the particles reaching the detectors in each region. 


is mainly composed of penetrating muons. As will be demonstrated, for a given primary energy 
E, the time asymmetry dependence upon sec 0 shows a maximum which is sensitive to the average 
primary mass. 

3. Azimuthal asymmetry analysis using Auger data 

For the present analysis we have used data collected with the SD of the Pierre Auger Obser¬ 
vatory from 01.01.04 to 29.10.14 with E > 3 x 10** eV and 6 < 62° to assure 100% detection 
efficiency, and with 6 > 30° where the contribution of the attenuation to the azimuthal asymme¬ 
try dominates over other sources. These events are required to satisfy the standard trigger levels 
described in [7]. Additionally, quality cuts at station level have been applied: the recorded signal 
must be larger than 10 VEM (1 VEM is the signal produced by a vertical and central through-going 
muon) to assure 100% probability for single-detector triggering, and stations are required to be at 
a core distance 500 < r < 2000 m to assure an accurate determination of ti/ 2 - After application of 
these cuts a total of 191534 signals from 54584 events remain. 

The first step in the analysis is to measure the azimuthal asymmetry of the /2 for fixed E and 
0 values. This measurement cannot be done on a shower-by-shower basis because it is not possible 
to sample the whole range of the polar angle, from early to late regions, in a single event. Thus, a 
statistical approach is applied to characterize the azimuthal asymmetry of ti /2 using all the stations 
from the events at a given E and 0. To this end we use the variable txiijr since in this way the 
risetime information of all stations within given E and 0 bins can be used, independently of the core 
distance, to compute an average (ti/ 2 /r) value as a function of Since the asymmetry depends on 
r, the analysis has been canied out independently for two r-intervals, i.e., 500 - 1000 m and 1000 
- 2000 m each containing a similar number of signals and events. As an example, we show in the 
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Figure 2: Asymmetry plots (dependence of fij^jr) vs the polar angle in the shower plane Q for different 
cases. Left panel: for log (E jeV ) = 19.2 — 19.5 in the 500 - 1000 m interval at different 0 bins. Right panel: 
for log(£’/ey) = 19.0— 19.2 in the two chosen core distance intervals with 0 = 51°; results of the fitted 
parameters (see text) are shown for each r-interval. 


left panel of Fig. 2 ^f\jilr) vs C, for 19.2 < \og{E/eV) < 19.5 and eight 0 values. For each 0 band 
the data are fitted to the function = a + f^cos^ + ccos^(^. The asymmetry with respect to 

is evident and the ratio Z7/(a + c), the so-called asymmetry factor, will be used to quantify the 
asymmetry. In right panel of Fig. 2 (ti/ 2 /r) vs ^ is displayed for both core distance intervals for 
showers with \og{E/eV) = 19.0 — 19.2 and 0 = 51°. As can be observed, the amplitude of the 
asymmetry for 500 - 1000 m is smaller. This is due to the fact that, close to the core, there is a 
higher electromagnetic contribution to the risetime and a smaller difference in the paths travelled 
by the particles. 

Next, this asymmetry factor is represented as a function of atmospheric depth, measured by 
sec 0. For each energy interval, bj{a + c) vs ln(sec 0) is fitted to a Gaussian function to obtain its 
maximum. An example is shown in Fig. 3 for the same energy bin in each r-interval. The value 
of sec 0 for which the asymmetry parameter maximizes, (sec 0)max! will be used as the observable 
for mass composition. Once the value of (sec 0)max for each energy bin has been obtained in each 
core distance interval, we can study the evolution of the dependence of (sec 0) max on the primary 
energy. In Fig. 4 the result for both r-intervals is shown. As expected, for a given energy, (sec 0)max 
is larger in the interval 500 - 1000 m than in the 1000 - 2000 m one since closer to the core the 
asymmetry is smaller, and thus, the zenith angle at which the muon component starts to dominate 
(and the asymmetry starts to decrease) is higher. Note that, in principle, this dependence on the 
radial interval should not limit the capability of the asymmetry method for mass analysis provided 
that Monte Carlo simulations follow the same behavior. This will be discussed in section 4. 

A first estimation of the systematic uncertainty of (sec0)max has been canied out for both 
core distance intervals. For that, we have taken into account the effect of the uncertainty in the 
reconstruction of the shower core, in the risetime and also the effect of the energy scale uncertainty. 
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Figure 4: Energy dependence of (sec 0)niax for both intervals of core distance 500 - 1000 m and 1000 - 2000 
m. Number of stations available for the analysis are indicated. 


73 






Azimuthal asymmetry in the Surface Detector signals of the Pierre Auger Observatory 


I.A. Minaya 


500-1000 m 1000-2000 m 



Figure 5: Comparison between (sec0)max for data (black points) and MC predictions using Epos-LHC 
(solid line) and QGSJetIl-04 (dashed line) hadronic models for proton (red) and iron (blue) primaries in both 
r-intervals. Brackets represent the systematic uncertainty. 


as well as the use of different parameterizations in the dependency of the risetime with r and 
different algorithms to integrate the signal. Additionally, we have developed different cross-checks 
on the stability of the results, considering potential bias due to the selection cuts in the signal 
intensity and in the zenith interval, studying the dependence of the lateral width of the shower 
(in particular of the electromagnetic component) on pressure and temperature, and checking the 
possible effect of ageing of the SD detectors on the results. Considering all these sources we obtain 
a systematic uncertainty of ±0.013 and ±0.017 in units of (sec6)niax for the 500 - 1000 m and 
1000 - 2000 m core distance ranges respectively. 

4. Discussion 

The mass analysis has to rely on comparison with theoretical predictions using updated models 
of hadronic interactions extrapolated to these energies. To this end, a sample of Monte Carlo (MC) 
events generated with the CORSIKA [8] code have been produced using the Epos-LHC [9] and 
QGSJetlT04 [10] hadronic models for proton and iron primaries. A total of 77000 events (38500 
of each primary) have been produced for each interaction model. The log(£'/eV) values ranged 
from 18.00 to 20.25 in bins of 0.25 with eleven discrete 6 values between 18° and 63°. 

In Fig. 5 the (sec0)max measurements as a function of energy are shown and compared with 
predictions made using the Epos-LHC and QGSJetll-04 models for proton and iron primaries. The 
dependence on energy is small and it is difficult to draw strong conclusions as rather contrasting 
predictions follow from the two models. However in both cases there is an indication that the mean 
mass increases slowly with energy in line with other Auger studies [2, 5]. 

A further illustration of the dependence of the conclusions on the choice of model is shown 
in Fig. 6 where the variations of (InA) with energy, deduced from Fig. 5, are summarised and 
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Figure 6: (InA) vs E as predicted by Epos-LHC and QGSJetII-04. Results from the time asymmetry method 
in both r-intervals are compared with those from the elongation curve [2] and the MPD method [5]. 


compared with the values of (InA) found from the measurements of the depth of shower maxi¬ 
mum (Xmax) niade with the fluorescence detectors [2] and using the muon production depth (MPD) 
technique [5]. 

Several inferences can be drawn from these plots. Within the uncertainties, the values of 
(InA) derived from the Epos-LHC model are consistent for the two distance ranges. However 
for QGSJetII-04 model this consistency is not so evident. We note that the MPD studies are of 
a parameter that is solely dependent on the muon content of the shower while the observa¬ 
tions are dominated by the electromagnetic component. As explained above, the complex nature 
of the zenith angle behavior of the time-asymmetry is a reflection of the contributions of both 
components. Thus, while the Epos-LHC is favoured over QGSJetII-04, neither model provides an 
accurate description of muons in air-showers. A similar conclusion has been drawn from the study 
of inclined showers made at the Pierre Auger Observatory [11] from which it was deduced that 
showers contain more muons than predicted by Epos-LHC model. Indeed no model provides a 
completely satisfactory description of the wide range of data using the Auger Observatory. 


5. Conclusions 

The azimuthal dependence of the /2 values obtained from the EADC traces registered by the 
SD detector of the Pierre Auger Observatory has been used to obtain a mass sensitive parameter, 
(sec0)max- Recent hadronic interaction models have been used to compute the (InA) predictions 
of the method described here and compare the results with those obtained from X^ax and the MPD 
method. The results show a hint of a slow increase of the mean mass with energy in agreement with 
other studies. However, model-dependent discrepancies between data and Monte Carlo results on 
both core distance intervals have been found, and therefore, further deficiencies in our understand- 
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ing of shower modelling have to be resolved before the mass composition can be inferred from 
(sec Q )max- 
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1. Introduction 

The spectrum and arrival directions of Ultra High Energy Cosmic Rays (UHECRs) have been 
recently measured with unprecedented precision [1, 2]. However, the origin of these particles is 
still not well understood and remains one of the greatest priorities of the field. Establishing their 
composition is a crucial step to discriminate between different acceleration and propagation sce¬ 
narios. Information about the composition of the primary cosmic rays has been obtained using the 
Eluorescence Detector (ED) of the Pierre Auger Observatory. The ED allows the measurement of 
the depth at which the electromagnetic component of the air shower reaches its maximum number 
of particles, [3]. However, the interpretation of these measurements is hampered by uncertain¬ 
ties of the hadronic interaction models, which extrapolate interaction details from measurements 
in the accelerators domain to much higher energies and to different kinematic regions which are 
difficult to separate from the effect of the primary composition. Moreover, the ED data suffer from 
small statistics due to the low ED duty cycle (~15%). 

The design of the Pierre Auger Observatory includes also a Surface Detector (SD) consisting of 
an array of water-Cherenkov detectors [4]. Different methods, which are also sensitive to primary 
composition, have been developed exploiting the 100% duty cycle of the SD. Among them, the 
study of the muon content at the ground [5] and the study of the atmospheric depth at which the 
muon production rate reaches a maximum in air showers [6]. 

Muon measurements are sensitive to the details of the hadronic component of the air shower 
and provide a handle to study the mass composition independently of X^ax- The hybrid nature of 
the Auger observatory provides redundancy which allows for the combination of different mea¬ 
surements sensitive to the primary mass to place constraints on hadronic interaction models. 

2. Measurement of muon number 

Recently we developed techniques to reconstruct inclined showers [7, 8] that can be used to 
extract the muon content of air showers. They rely on the fact that the electromagnetic component 
of inclined showers is largely absorbed in the atmosphere before reaching the ground. Once the 
shower direction is obtained using the arrival times of the SD signals, it has been shown that the 
number of muons per unit area at the ground level, p^{d,(p',x,y), has a shape which is practically 
independent of energy, composition or hadronic interaction model [9, 10]. As a result it can be 
expressed: 

Pg =Ni9p^y9{d,^-,x-Xc,y-yc), ( 2 . 1 ) 

where p^j9 are the reference functions for the number densities of muons, expressed in terms of 
position in a plane (x,y) relative to the shower core (Xc,yc) and Nig is a scale factor. The reference 
distributions for each arrival direction are conventionally obtained from proton simulations at lO'^ 
eV using the QGSJETII-03 model for hadronic interactions. 

The fitted value of A19 gives the number of muons per unit area relative to the reference density. 
The total number of muons can be estimated as = A19 A^.19 where A^,i9 is the surface integral 
of the Piijg. Eor example, at the mean zenith angle of the data set, (Odata) = 67°, A19 = 1 would 
correspond to about 1.5 x 10^ muons at the ground with energies above 0.3 GeV. 

The procedure has been extensively tested with simulations comparing A19 to the true ratio 
19, computed as the total number of muons in the simulated shower relative to the 
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£/eV (Xmax) / gem 2 


Figure 1: Left) {R^f) vs. primary energy, compared to air shower simulations. Right) (In Rp) vs. (Xmax)- 
Representative primary masses are indicated by open symbols. [5] 

total number of muons in the reference model. The average difference between N\>) and for 
proton or iron simulated using QGSJETOl, QGSJETII-04 and EPOS-EHC is always below 5%. 
To get an unbiased estimator, N\() is corrected for the average bias of all the simulations. In the 
following the corrected estimator is called Rp. By combining the uncertainty of the reference 
model with that of the simulated response of the SD stations to muons, we conservatively estimate 
the systematic uncertainty o^Rp to be 11%. 

The method is applied to hybrid events with zenith angles 62° < 6 < 80° for which a simul¬ 
taneous measurement of muon number with SD and of shower energy with ED is possible. Strict 
selection criteria are applied to get a high quality sample: the events must be well contained, i.e. 
the station closest to the fitted core and its six adjacent stations need all to be active, and only 
events with energy above 4x10^^ eV are taken to ensure a 100% SD trigger probability. Quality 
cuts are applied for the ED to ensure an accurate reconstruction of the arrival direction and of the 
longitudinal profile, minimizing composition bias [11]. Ouf of 29722 hybrid evenfs recorded from 
1 January 2004 fo 1 January 2013, 174 are accepted after qualify cufs. 

The relative number of muons Rp is correlafed fo fhe shower energy by a power law 

Rp =a{E/10^"^ eVf (2.2) 


wifh parameters 

a = (ln/?^)(10i‘^ eV) = (1.841 ±0.029±0.324 (sys.)) 
b = d{\nRp)/d InE = (1.029±0.024±0.03 (sys.)) 

The a parameter represenfs fhe average muon contenf af 10^^ eV while b is fhe logarifhmic gain of 
muons wifh increasing energy. 

The sysfemafic uncerfainfies are esfimafed from fhe dispersion of fhe differenf models and 
compositions sfudied wifh simulated evenfs, from vaiiafions of fhe qualify cufs on fhe ED and of 
tiffing mefhods applied. They are dominafed by fhe uncerfainfies on fhe energy scale (~14%) [11]. 
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Figure 2: Comparison of (In/?^) (left) and d(ln/?^)/dln£' (right) between 4xl0'^ eV and 5xl0'® eV 
with predictions for air shower simulation models for a pure proton, a pure iron and a mixed composition 
compatible with the FD measurements (labeled as (InA)). [5] 

The average values of divided by the energy, are plotted for five energy bins in Fig. l(left). 
Data points are compared to simulations for proton and iron showers, performed with QGSJETII- 
04 and EPOS-LHC hadronic models at (Odata) = 67°. The predictions for protons and iron nuclei 
are well separated, illustrating the power of [R^) as a composition estimator. The measured muon 
number is higher than that expected in pure iron showers, a result not in agreement with studies 
based on the depth of shower maximum [12] which points to an average logarithmic mass (InA) 
being between proton and iron in this energy range. 

The tension between the Xmax and R^ measurements with respect to the expectations from 
different models is shown in Eig. 1 (right) which displays Auger data at lO'^ eV compared to 
the predictions for different hadronic models and primary masses. The expectations for (InT?^) 
and d(ln/?^)/dln£' are compared to our measurement in Eig. 2. Eor QGSJETII-03, QGSJETII-04 
and EPOS-EHC, (In/?^) and d(ln7?^)/dln£' are calculated for three different compositions: pure 
proton, pure iron and a composition with an average value of the logarithmic mass, InA, as obtained 
from the measurement of [3]. The QGSJETOl model was not considered in that reference so 
that an estimate of InA was made using the data [12] and some simple assumptions [5]. These 
values of InA in turn correspond to a mean value of In 7?^. Assuming the generalized Heitler model 
of hadronic air [5], it is possible to convert the estimated (InA) into a prediction of the logarithmic 
muon content which can in turn be related to {Rp). 

When we consider the values of InA deduced from Xmax^ the measured values of Rp indicate 
that the mean number of muons in the simulations have a deficit of 30% to 80 (^7^-) % at 

lO'^ eV depending on the model. The measurement of the logarithmic gain is slightly higher than 
the prediction but the discrepancy is smaller than for Rp for all the models. Assuming that the 
logarithmic gain of real showers is well reproduced by simulations, which is supported by the fact 
that the four models agree on this parameter, the measured value disfavors a pure composition 
hypothesis. Deviations from a constant proton (iron) composition are observed at the level of 2.2 
(2.6) a. 
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Different independent methods [13, 14] for vertical showers with d < 60° have been used to 
derive the fraction of the signal due to muons at 1000 m from the shower core with the SD array. 
In [13] the different features of the temporal distribution of the EM and muonic signals measured 
with the SD array are exploited to obtain information about the muon number. In [14] hybrid 
events are exploited: for each of them, a set of simulated proton and iron showers matching their 
longitudinal profile is produced using different hadronic interaction models. They show that the 
total and muonic signals are not well reproduced by the shower simulations using the most recent 
hadronic interaction models. Within uncertainties they are compatible with the results described 
above for the study of inclined showers. 

3. Measurement of muon production depth 

The time structure of the muon component reaching the ground can be exploited to obtain the 
distribution of muon production distances along the shower axis. Following a phenomenological 
model for muon time distributions in Extensive Air Showers (EASs) developed in [15] [16], the 
muon production height z of muons recorded at the ground at distance r from the core and aniving 
at time t can be written as 



(3.1) 


where tgCrit — (tg) is the geometric delay, due to deviation of muon trajectories with respect to the 
shower axis, fg is the kinematic delay, due to the subluminal muon velocities, A = r tan0 cosi§ is 
the distance from the ground impact point to the shower plane and {zn) takes into account the decay 
length of the parent pion. 

Since SD stations do not allow to measure the energy carried by each single muon, the kine¬ 
matic delay cannot be directly measured and needs to be parameterized. A modeling of the muon 
energy distributions was then exploited to this aim [15]. 

By means of Eq. (3.1), a mapping between z and t at the ground is thus provided. The 
muon production depth (MPD) X^, i.e. the total amount of traversed matter in g/cm^, is obtained 
integrating the atmospheric density over the range of production distances. The MPD distribution 
is derived adding all MPDs recorded in each of the SD stations of the event. A fit to the MPD 
distribution with a Gaisser-Hillas function allows us to derive the muonic shower maximum Xmax> 
i.e. the point in the shower development where the maximum number of muons is produced. 

The reconstruction of the MPD distribution requires the removal of the EM contribution to 
the total signal. Only a residual EM contamination is contributing to the total signal at zenith 
angle around 60°. Since the EM signals are smaller and broader than muonic ones, a cut for 
Sthreshoid = 15% of the maximum (peak) of the recorded signal guarantees an efficient reduction of 
the background and muon fractions above 85%, regardless of the energy and mass of the primary 
particle. 

Besides, the FADC sampling frequency (40 MHz) gives rise to an uncertainty in the z recon¬ 
struction that decreases with and increases with To keep the distortion of the reconstructed 
MPD small, a cut in core distance, rcut, is thus mandatory. An optimal value rcut = 1700 m was 
derived from Monte Carlo simulations. 
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Another issue to be taken into account is that the light propagation inside the detector and the 
electronic response smears the muon arrival times. To compensate for this detector effect, a time 
offset 4hift is subtracted to each time bin. The offset value depends on ^threshold: a value of 73 ns is 
derived from simulations. 

The mean bias [XmaxCrec.) —Xmax(h'ue)] stays within lOg/cm^, for all energies, masses and 
hadronic models used in simulations. The resolution, given by the standard deviation of the same 
distribution, ranges from 100 (80) g/cm^ to about 50g/cm^ for increasing energy and proton (iron) 
showers. The improvement of the resolution with the energy is a direct consequence of the increase 
in the number of sampled muons. 

The SD data of Pierre Auger Observatory between 1 January 2004 and 31 December 2012 have 
been used in this analysis. The selected events must satisfy the T5 trigger condition, which requires 
that the detector with the highest signal has all six closest neighbours operating. We considered 
events with zenith angle in the range [55°, 65°] and energy greater than 20 EeV, the latter allowing 
the reconstruction of the MPD distribution. Furthermore, the relative uncertainty 5Xmax/2fmax must 
be small enough to guarantee the accuracy in the estimation of X^ax- Monte Carlo studies show 
that the chosen cuts introduce a negligible composition bias, smaller than 2 g/cm^. 481 events out 
of 500 meet the required quality cuts. 

The total systematic uncertainty on X^ax amounts to psIV g/cm^, which corresponds to about 
25% of the proton-iron separation. The most relevant contributions come from reconstruction, 
differences in the hadronic interaction models, unknown primary mass and seasonal effects. A 
systematic underestimation by Ri4.5 g/cm^ in theX^ax determination has been found due to random 
accidental signals and has been corrected for. 

Finally, we discovered that our simulations introduced an underestimation of the muon delay 
with respect to the arrival time of the shower front [17]. The effect is due to the resampling proce¬ 
dure, which is needed to be applied to showers simulated with a thinning method [18]. The latter 
is mandatory in the EASs simulations, since full simulations require large amounts of CPU time 
and disk space. A procedure to undo the thinning is thus necessary to have a fair representation 
of the signals collected by the water-Cherenkov detectors. The strategy consists in the estimation 


O) 




Figure 3: Evolution of X^ax with energy. The number of events is indicated in each energy bin. Brackets 
represent the systematic uncertainty [17]. 
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Figure 4: (InA) from (Xmax) (triangles) [3] and (X, 

EPOS-LHC (right) are used as reference models. Brackets correspond to the systematic uncertainties. 



of the loeal distribution of particles at the position of the detectors by averages over extended ar¬ 
eas around this position. We found that the value chosen for the sampling area was not optimal 
and introduced an underestimation of the muon delay. While in [6] the bias due to the resampling 
procedure was assumed to be negligible, recent simulation studies have shown that this effect is 
significant, making the total bias on X^ax reconstruction 24g/cm^. This bias is corrected for in 
simulations in order to obtain an unbiased analysis. However this correction has to be accounted 
for in the data (i.e. all measured X^ax values must be reduced by an amount equal to the estimated 
bias). 

The evolution of the measured X^ax with energy is shown in Fig. 3. Data are grouped in 
five energy bins of width 0.1 in logiQ(£'/eV), except for the last bin, which contains all events 
with energy above logio(F/eV) = 19.7 (E = 50EeV). The interpretation of data in terms of mass 
composition requires a comparison with air shower simulations. As shown in Fig. 3, the two 
models predict a similar evolution of X^ax for proton and iron but a considerable difference in 
its absolute value. While Auger data are bracketed by QGSJETII-04, they fall below the EPOS- 
EHC prediction for iron, thus demonstrating the power of the MPD analysis to constrain hadronic 
interaction models [19]. 

Xmax and Xmax are both correlated with the primary mass [20, 21]. Both observables can thus 
be converted into (InA) using the same interaction model. 

The results of this conversion for two different hadronic models are shown in Pig. 4. With 
QGSJETII-04, we obtain compatible values for InA within 1.5 a, while in the case of EPOS-EHC 
the results from (X^ax) indicate primaries heavier than iron and the measurements are incompatible 
at a level of at least 6 a. It should be noted however that QGSJETII-04 has problems to describe 
in a consistent way the first two moments of the InA distribution obtained from the X^ax values 
measured with the ED [3]. 
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4. Conclusions 

Two different analyses of the muon eomponent have been deseribed. By measuring the total 
muon eontent of UHE inelined showers, we observe a muon defieit in the simulations. Our data 
strongly disfavor light eomposition at 10^^ eV. 

The arrival time of muons at the ground was used to reeonstruet the muon produetion depth 
distribution on an event-by-event basis. This analysis has established a new approaeh to study the 
longitudinal development of the hadronie eomponent of EASs. The eurrent level of systematie 
uneertainties does not allow to draw eonelusions on eomposition. However, the deseribed mea¬ 
surements, in eorrelation with the information from the EM shower profile, set valuable eonstraints 
on the most reeent EHC-tuned interaetion models, QGSJETII-04 and EPOS-EHC. In partieular, we 
found that none of the interaetion models provides a eonsistent deseription of both the eleetromag- 
netie and muonie shower profiles as measured by fhe Pierre Auger Observafory. 
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1. Introduction 

The cross section of cosmic ray protons with air is derived from data collected with the Pierre 
Auger Observatory [1] at energies far beyond the reach of human-made particle accelerators. The 
evolution of the hadronic cross section with energy is a fundamental property of nature and can still 
not be calculated from first principles of the theory of quantum chromodynamics. The measurement 
of general particle-collision properties at ultra-high energies is a tool for the search of new physics. 

In this paper the extension of the measurement of the proton-air cross section of the Pierre 
Auger Collaboration at 57 TeV [2] is presented. The technique has been kept identical. Signif¬ 
icantly more data has become available and, due to improved external input, several sources of 
systematic uncertainty are re-visited. The 20% most deeply penetrating showers are used for the 
analysis in order to reduce the impact of primary cosmic ray nuclei heavier than protons. Since the 
measurement is sensitive only to the cross section of interactions that produce secondary particles, 
the quasi-elastic excitation of the target nuclei is not included in the measured cross section. The 
observable cross section is, thus, defined as aprod = O'inei — O'q-ei- Hybrid events are selected with a 
uniform acceptance over the full phase-space of the measurement. 

The number of hybrid events available for the measurement has increased in total by a factor of 
about four. The range in primary energies is increased and the result is presented in the two regions 
1017.8 _ 10*^ eV and 10*^ — 10^*-^ eV. The reason to chose this limited energy region is driven by 
the fact that in this interval the data of the Pierre Auger Observatory is compatible with a very 
high content of primary protons [3]. Besides the fact of more events and thus a smaller statistical 
uncertainty, also the systematic uncertainties are re-visited. Most importantly the impact of the first 
models tuned to LHC data (EPOS-LHC [4] and QGSJetII.4 [5]) on the analysis is demonstrated in 
respect to the same models before they were tuned to LHC data (EPOS-1.99 [6] and QGSJetIL3 
[7]). The SIBYEE 2.1 [8] model is kept as a constant reference. A new release of SIBYEE, which 
will also be tuned with EHC data, will eventually complete this study and will be done as soon as 
the model becomes available for air shower simulations. 

2. Experiment, data and simulations 

The Pierre Auger Observatory currently has the largest aperture for the detection of ultra- 
high energy cosmic ray particles in the energy range from just above the second knee up to the 
highest accessible energies. The observatory is located near the town of Malargfie in Argentina and 
consists of two major components: Eirstly, the surface detector, build by 1660 autonomous water- 
Cherenkov stations, is spread over a surface area of 3000km^ on a triangular grid with 1.5 km 
spacing. Secondly, five fluorescence felescope sites are overlooking fhe surface defecfor wifh a 
total of 27 Schmidt-optics telescopes. Eight is focused by spherical mirrors of 12 m^ area and 
3.7 m radius on cameras build of 440 PMTs. The 24 telescopes with a field of view ranging from 
1.5 to 30 degree in elevation are used for fhis analysis. 

Hybrid dafa confains informalion from fhe fluorescence felescopes as well as from af teas! one 
surface defecfor sfafion. This includes evenfs below fhe trigger threshold of the surface detector by 
initiating the readout based on the trigger from the fluorescence telescopes. The reconsfrucfion of 
hybrid evenfs uses fhe timing from fhe surface defecfor to precisely determine fhe geomefry of fhe 
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shower. The light collected hy the telescopes is corrected for all known effects to yield the energy 
deposit profile along the shower axis in the atmosphere [9]. The slant depth along the shower axis 
where the maximum energy deposit is observed, X max , is the main observable of this study. 

The dataset used for the measurement comprises events collected from Dec 2004 to Dec 2012. 
Simulations of air showers are performed with the CONEX simulation program [10]. In these sim¬ 
ulations the initial part of the air shower cascade is simulated in full 3D Monte Carlo mode, and as 
soon as secondary particle energies drop below 0.00 IEq. where Eq is the primary cosmic ray en¬ 
ergy, the simulation is completed with cascade equations. Hadronic interactions can be simulated 
with different event generators. For this purpose EPOS-LHC and QGSJetII.4, which both have 
been tuned to EHC data up to ^/s = 8TeV, as well as SIBYEE 2.1, which has not yet been tuned 
to EHC data, are used. The impact of the extrapolation of the description of hadronic interactions 
in air showers on the analysis is estimated based on these different models, and ad-hoc modifi¬ 
cations of them. Each model comprises a set of different but self-consistent phenomenological 
and theoretical assumptions to describe hadronic interactions. EPOS is build from a paiton-based 
Gribov-Regge theory with energy-conservation considered during the multiple-pomeron exchange. 
Many features of hadronic interactions like diffraction and remnant fragmentation are added in a 
phenomenological approach. QGSJetll is driven by the theory of multi-Pomeron amplitues calcu¬ 
lated to all orders. This yields a theoretically clean description of diffraction up to high masses. 
SIBYEE is a minijet model combined with a Glauber calculation, where diffraction is added in 
phenomenological way. It is a big advantage to use a set of models which are internally so different 
in nature. It allows us to derive an estimate of the systematic uncertainties related to details of the 
description of hadronic interactions on the proton-air cross section measurement. 

The limited acceptance caused by the field-of-view of the telescope detectors as well as by 
the absorption of light in the atmosphere is taken into account as described in Ref. [11]. In this 
way a measurement of the complete Xmax-distribution is obtained free of acceptance effects. This 
is achieved by accepting showers only when the range in slant depth along the shower axis, where 
the shower can be detected with an expected Xmax-resolution of better than 40g/cm^, does fully 
comprise the X max -interval required for the measurement. Furthermore, the resolution of the detec¬ 
tor is taken into account by folding the Monte Carlo simulations with the parameterisation given in 
Ref. [11]. 


3. Analysis strategy and event selection 

The analysis consists of two subsequent parts. The first step is the dedicated measurement of 
the observable At^ , which is a measure of the attenuation length of air showers in the atmosphere. 
The advantage of this well defined and dedicated measurement of Af, is that this observable can 
be eventually used also in a different context, and it can be re-evaluated at any later time with new 
air shower simulation models. The second analysis part is related to the conversion of into 
the proton-air cross section ap_air- This depends on the simulation of air showers and hadronic 
interactions therein. 

The total number of high-quality hybrid events in the data sample used for the measurement 
is 39360. Event quality cuts are applied as described in Ref. [11]. The depth of the maximum 
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Table 1: Measurement of A-q and (7p_air in the two energy regions. Statistical uncertainties are quoted in the 


same line, while systematic uncertainties are listed explicitly. 


1017-8 _ iQJs eV eV 




18 


08.5, 


Number of high-quality hybrid events 

18090 

21270 

Determination of the 20% tail range 

Range of 99.8% central Amax-values (g/cm^) 

556.6-1009.7 

573.3- 1030.1 

Fiducial selection of 99.8% central range, events 

1818 

2807 

Start of 20% tail range, A,j start (g/cm^) 

762.2 

782.4 

Fiducial selection of 20% tail range, number of events 

4847 

6906 

Aq determination 

Number of events in tail range 

1196 

1384 

Power-law slope of energy distribution 

-0.65 ±0.31 

1.85±0.28 

Average energy (eV) 

1017.90 

1018.22 

Corresponding (TeV) 

38.7 

55.5 

Energy scale uncertainty on (TeV) 

2.5 

3.6 

Aq (g/cm^) 

60.7±2.1 

57.4±1.8 

Aq, systematic uncertainties (g/cm^) 

1.6 

1.6 

Cp-air determination 

EPOS-LHC (mb) 

466.1 

494.1 

QGSJetII.04 (mb) 

458.7 

487.9 

SIBYLL2.1 (mb) 

447.8 

475.3 

Central value, all models (mb) 

457.5±17.8 

485.8±15.8 

<7p-air uncertainties 

Aq , systematic uncertainties (mb) 

13.5 

14.1 

Hadronic interaction models (mb) 

10 

10 

Energy scale uncertainty, lAEjE = 14% (mb) 

2.1 

1.3 

Conversion of A,j to ap_air (mb) 

7 

7 

Photons (mb) 

4.7 

4.2 

Helium, 25% (mb) 

-17.2 

-15.8 

Total systematic uncertainty on ap air (mb) 

+ 19/-25 

+19/-25 


energy deposit, can be reconstructed with a resolution of 25.0 ± 1.1 g/cm^ at 10^^'^eV and 
18.6 ± 1.1 g/cm^ at 10^*-^ eV. This includes uncertainties e.g. from the atmospheric density profile. 

The available data sample is divided into two energy intervals, one ranging from lO'^ ^ to 
10^^ eV and the other from lO'^ to 10^^'^ eV with 18090 and 21270 events, respectively. All steps 
and results of the analysis are summarized in Tab. 1 . 

4. Measurement of A,j 

In both energy ranges selected for the measurement the Amax-range is determined indepen¬ 
dently in a two step procedure. First, the A m.ix -interval containing the 99.8% most central events 
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Figure 1: The Xmax-distributions in the two energy intervals. The result of the unbinned log-likelihood fit to 
derive A-q is shown in the range of the tail fit. 


is identified, and only showers with an unbiased X^ax measurement within this range are consid¬ 
ered. This provides the best possible estimate of the shape of the whole X max -distribution, but with 
a significant cost in terms of available event statistics. This distribution is used to determine the 
Xmax-intervals containing the 20% most deeply penetrating showers. 

Given this Xmax-interval, the event selection is updated by only requiring an unbiased X^ax- 
measurement in the tail region of the distribution. This step increases the available statistics for the 
measurement of Aq by a factor of about three. At this stage the Xmax-distributions exist containing 
the unbiased tail from X,j start = 762.2g/cm^ toX,j end = 1009.7 g/cm^ for the lO'^'^ — 10^^ eV range 
and X,j start = 782.4g/cm^ to X,j end = 1030.1 g/cm^ for the lO'^ — 10^^'^ eV range. The upper end 
of the fit-range, chosen to exclude 0.1% of all available showers, also reduces the sensitivity to any 
possible primary photon contribution. 

Due to the nature of the analysis, where the exponential tail of a distribution is measured, 
it is crucial to consider the Poissonian fluctuations of the data. This is achieved by numerically 
optimizing the following unbinned log-likelihood function for the parameter 

^evts 

logL= ^ logp(Xmax,i;An) with (4.1) 

i=l 


P (Xmax > Ajj) — 


A, 


.^17,start p .^rj.end/^TJ 


x/A,| 


(4.2) 


The statistical uncertainty of the result is determined using the values of Aq where the likelihood 
exceeds logLmin-1-0.5. For simulated showers the default choice of Xjj end = °° is used, which an¬ 
alytically yields the optimal result A^q'’’ = (Xmax,; —X,^ stau)/Aevtst and the uncertainty can 

be derived from error propagation. The fit-range as well as the result is shown in Fig. 1 . 

The stability of the measurement of A,j from data is tested by subdividing the data sample 
according to the zenith angle and to the distance of showers. The event selection cuts are changed 
within their experimental uncertainties. The observed variation of Aq are consistent with statis¬ 
tical fluctuations. The standard deviation of these various observed deviations is considered as a 
systematic uncertainty for the measurement of A,j. 


5. Determination of ap air 

The value of ap_air is derived from the comparison of A^^, as calculated from full Monte 
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Carlo simulations of air showers, with the measured value of A^. Air showers are generated with 
the same energy distribution as found in data as well as smeared with the and energy resolu¬ 
tion of the Pierre Auger Observatory. By default, none of the hadronic interaction models used for 
the air shower simulations is able to reproduce the measurement. For the purpose of the proton-air 
cross section measurement we exploit the fact that only the extrapolation of ap_aii can significantly 
affect It is an important feature of this analysis that a change of ap_air is not just consid¬ 

ered for the first interaction of the cosmic ray primary particle in the atmosphere, but also for all 
subsequent hadronic interactions at lower energies in a self-consistent way. For this purpose the 
energy-dependent scaling factor [ 12 ] 


F(F,/i9) = 1 + (/i9-1) 


log(£/£thr) 

log(10i9eV/Fthr) 


(5.1) 


is used, where /19 is the value of the scaling at 10^^ eV and Fthr is the threshold above which 
F{E, / 19 ) 7 ^ 1. EPOS-LHC and QGSJetII.04 are both tuned up to cross sections measured by the 
TOTEM experiment at ^/s = 8 TeV [13], while SIBYEE 2.1 is tuned to Tevatron at ^/s = 1.96TeV. 
The latter corresponds to primary cosmic ray protons of E'er ~ lO'^ ^eV and the former to Ecr ~ 
10*5 eV. Thus, for EPOS-EHC and QGSJetII.04 Ejhr = 10 **’ ^ eV and for SIBYEE 2.1 Ethr = 10*5 eV 
is used. The results obtained with these simulations are shown in Eig. 2 and are used to convert the 
measured A^ into values of ap air- The results for EPOS-EHC, QGSJetII.04 and SIBYEE 2.1 are 
summarized in Tab. 1. The central value for all three models is 457.5 mb at 10*^ ^ eV and 485.8 mb 
at 10** ^eV. The model uncertainty is estimated to be 10 mb for both energies. As long as the 
EHC-tuned SIBYEE model is not available, SIBYEE 2.1 is used as the third model in order to es¬ 
timate the model dependence of the analysis approach. The modelling of interactions in air shower 
cascades is still a process with significant inherent uncertainties. Many phenomenological assump¬ 
tions and parameters are part of any interaction model. The physics of diffraction, fragmentation, 
inelastic intermediate states, nuclear effects, QCD saturation, etc. are all described at different 
levels using different, but self-consistent, approaches in these models. It is not known whether by 
using these three different interaction models the true range of uncertainties of the modelling of 
hadronic interactions in air showers is covered. Thus, additional studies are done to investigate 
this. Characteristic features of hadronic interactions that are known to be particularly important 
for the air shower development have been studied independently. The secondary multiplicity, the 
inelasticity, the pion charge-ratio, as well as a separate scaling of the have been modified 

inside fhe models fo determine fhe impaef on A^*'. Of fhose paramefers, only fhe elasficify is found 
fo have a pofenfial relevance. The currenf level of systemafic uncerfainfies of of 10 mb corre¬ 
sponds fo altering fhe elasficify by abouf 10 %. Eurfhermore, fhe exfreme assumption fhaf fhe cross 
section of pions wifh air is modified in a differenf way as for profons wifh air by a faefor fwo, is 
also checked. The effecl on analysis is < 1 % and is, fhus, negligible. 

Eor fhe conversion of A^ fo ap_air also ofher parameters are imporfanf. Scaling fhe simulafed 
showers by fhe energy scale uncerfainfy of fhe Pierre Auger Observafory of 14% leads fo a dif- 
ferenl conversion as well as changing fhe Y m.ix - and energy-resolufion. Varying fhese wifhin fheir 
precision yields an overal effecl on CJp™j‘|j. of less fhan 7 mb for bofh energy regions. 

While fhe composifion of primary cosmic rays in fhe energy range under invesfigafion is com¬ 
patible wifh being dominated by profons, a contamination with Helium cannot be excluded. In 
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Figure 2: Conversion of A,) to crp_air- The simulations includes all detector resolution effects, while the data 
is corrected for acceptance effects. The solid and dashed lines show the A-q measurement and its projection 
to (Tp_air as derived using the average of all models. 


earlier studies it was shown that primary particles heavier than Helium have only negligible impact 
on the analysis. The consequence of helium on the result is studied with simulations by produc¬ 
ing samples of mixed proton-helium composition and testing the response of the analysis. There 
are indications that the helium content in the used data is not larger than on the order of 25% [3], 
which is also the number used in the past for this purpose. The impact of 25% helium on the cross 
section result is thus considered as systematic uncertainty towards smaller values of CJp_air- The 
contamination with primary photons is excluded to be larger than 0.5% in the energy range under 
investigation [14] and the impact on the cross section is added as systematic uncertainty towards 
larger values of ap_air- 


6. Results and summary 

An updated measurement of the proton-air cross section with hybrid data of the Pierre Auger 
Observatory is presented. The result is shown in Fig. 3 and compared to previous measurements and 
model predictions. With respect to the previous measurement, the number of events is increased 
by about a factor of four. The measured value of Aq = 57.4 ± 1.8g/cm^ in the energy range 
10*^ — 10*^'^ eV is within 0.5 standard-deviations from the previous measurement. The statistical 
uncertainty of the measurement is consistent with a scaling by Hs/N. 

New hadronic interaction models, EPOS-LHC and QGSJetII.04, which are tuned to LHC data, 
are used for the conversion of A^ to It is interesting to note, that the difference between 

these two models has changed by almost a factor of two with respect to the models prior to tuning 
to LHC data (LPOS-1.99 and QGSJetII.03). However, currently we keep also the SIBYLL 2.1 
model as part of the analysis in order to get a more diverse estimation of the underlying modeling 
uncertainties. Since SIBYLL has not changed with respect to the previous analysis and both LPOS- 
LHC as well as QGSJetII.04 consitently predict larger values of CJp_air. the use of SIBYLL 2.1 leads 
to a slightly smaller central value of the final measurement and, even more relevant, a larger model- 
dependence. This will be revisited as soon as the next version of SIBYLL, also tuned to the LHC 
data, will be released for air shower simulations. It is a very interesting question, whether the trend 
observed with LPOS and QGSJetll continues and the overal model-dependence is further reduced. 
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Equivalent c.m. energy [TeV] 



Energy [eV] 


Figure 3: The (7p_air-nieasurement compared to previous data and model predictions. For references see [2] 
and [15], 

For the present measurement the data is split in two energy intervals. The data is consistent 
with a rising cross section with energy, however, the statistical precision is not yet sufficient to 
make a statement on the functional form. 
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Hillas function within the range studied. A detailed analysis of the systematic uncertainties is 
performed using data and a full detector simulation, and the results are compared with predictions 
of hadronic interaction models for different primaries. 
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1. Introduction 

Ultra High Energy Cosmic Rays (UHECRs) are the most energetic particles in the universe. 
The study of the cascades resulting from their interaction with the atmosphere nuclei gives us the 
only glimpse into hadronic interaction properties at these energies, more than an order of magnitude 
above those attained in man-made colliders. 

While the atmospheric depth of shower maximum has long been used as a composition vari¬ 
able, the shape of the profile has remained largely untested. 

In this paper we will present the first measurement of the average longitudinal profile in afmo- 
spheric depfh (if has been previously been measured in age by HiRes/MIA and HiRes-II collabora¬ 
tions) for energies above 10^^-^ eV. Wifh fhe unprecedenfed sfafisfics and experimenfal resolufion 
of fhe Pierre Auger Observafory [1] af fhe highesf energies, we can sfudy fhe shower developmenf 
in dafa, check fhe consisfency of fhe reconstruction method, and also make a comparison with 
expectations from hadronic interaction models. 

2. Event reconstruction 

The Pierre Auger Observatory is a hybrid detector, consisting of a 3000 km^ Surface Detector 
array (SD) overlooked by the Eluorescence Detector (ED). The ED consists of four sites with 6 
telescopes each and a fifth site with 3 telescopes (HEAT). The field of view of each felescope spans 
30° in azimufh and ranges from 1.5° fo 30° in elevafion (excepf for HEAT, where fhe elevation can 
be swifched also fo span 30° fo 60°). In fhis analysis we have nof used information from HEAT. 
In addition fo bofh defecfors, fhere are also afmosphere moniforing fools which measure aerosol 
confenf, clouds and fhe femperafure and densify heighf profile. 

The firsf sfep in fhe profile reconsfrucfion is fhe deferminafion of fhe shower geomefry. Eirsfly, 
fhe SDP plane spanned by fhe poinfing direcfions of pixels in fhe shower image is calculafed. The 
shower axis wifhin fhis plane is obfained using fhe fiming informafion of each pixel, as well as fhe 
timing of fhe closesf SD sfafion (hybrid reconsfrucfion). The opening angle in fhe perpendicular 
direcfion fo fhe SDP {Q used for lighf infegrafion is calculafed by maximizing fhe signal fo back¬ 
ground ratio on an evenf-by-evenf basis. The lighf af fhe emission poinf is calculafed faking info 
accounf fhe afmospheric characferisfics measured autonomously. 

Only fhe fluorescence componenf is proportional fo fhe energy deposif in fhe shower volume 
considered, while Cherenkov lighf is dependenf on fhe fofal number of parficles above fhe emis¬ 
sion energy fhreshold. Therefore, fhe complefe profile has fo be known for fhe calculafion of fhe 
Cherenkov componenf. To exfrapolafe fhe direcfly observed profile fo fhe earlier sfages of devel¬ 
opmenf we use fhe Gaisser-Hillas (GH) funcfion [2] 


^max “^0 

X 




( 2 . 1 ) 


which has four pai'amefers: fhe maximum energy deposif,(d£'/dZ)max^ the depfh af which fhis 
maximum is reached, Xmax^ and shape paramefers Xq and A. Given fhe shower geomefry w.r.f. fhe 
felescope, bofh fhe fluorescence and Cherenkov componenfs can be simulfaneously defermined [3]. 


95 






Average longitudinal shower profile 


Francisco Diogo 


3. Average Longitudinal Shower Profile 


The maximum energy deposit of the longitudinal profile, (d£'/dA)niax. is proportional to the 
energy of the primary particle and varies three orders of magnitude in the energy range studied in 
this work. Amax is characteristic of the primary mass, but also varies greatly within each primary 
group , mainly due to the stochastic nature of shower development and Xi , the depth at which the 
first interaction occurs. 

To separate the information on these two parameters ((d£'/dX)niax and Amax) from the profile 
shape, which is the focus of this work, we first divide each measured shower profile by its fitted 
(d£'/dX)max, rescaling all showers to have maxima at 1. Then, we shift the X axis, translating 
the atmospheric depth by X^^x, i e., X' = X —X^ax, thus centering all profiles at zero. In previous 
analysis, done by the Hires/MIA [4] and HiRes-II Collaborations [5], the X axis was scaled using 
shower age {s = 3X/(X + 2Amax))> and the resulting profiles were found to be compatible with a 
gaussian having RMS equal to aage- This width, however, is convolved with (and dominated by) 
the X max value*, hence in this work we choose to translate the profiles in atmospheric depth as it 
keeps the measured event-by-event shape unchanged. 

We can write the Gaisser-Hillas function with these normalized variables, as a function of 
parameters R and L [ 6 ]: 


dE 

dX 


= exp 


1 

2 



Hexp 

72=3 



j^n-2 


n 



(3.1) 


where (dE/dX)' = (d£'/dZ)/(d£'/dX)max> E = and L = xJ\Xq\X (note that Xq = Xq — 

2fmax)- We choose these parameters because they are much less correlated than Xq and A and have a 
more clear meaning: looking at equation (3.1) we see the GH function is a Gaussian with standard 
deviation L, multiplied by a term that distorts it, with the asymmetry governed by R (i.e., if /? = 0, 
the function is a Gaussian). An equivalent parametrization as a function of the Full Width at Half 
Maximum, /fwhm> and asymmetry, /, has been reached independently [8]. 

The motivation for measuring the average profile shape is fwo-fold. First, it gives us a tool 
to control the quality of our reconstruction, and also to cross-check whether the assumption that 
showers are well described by a Gaisser-Hillas function is valid. Secondly, the profile shape carries 
information about the high energy hadronic interactions at the top of the atmosphere [7]. While 
the differences in R and L between proton and iron, or between different high energy hadronic 
models, are much smaller than those in Xmax> these variables give an independent measurement of 
the properties of the primary and its interacton in the atmosphere. 

*We can write j = 1 -|- . If we say the RMS in age corresponds X' = ±L and invert the equation, we get 

an approximation for L as a function of Xmax and (Jage- La = T tTage) ~~ !)■ This agrees with the true L 

within 0.5% at all energies. Re-writing this expression for Cage and making the derivatives w.r.t. L and X^ax we find that 
^ ^ ~ 1/6, so the majority of the separation in CTage comes frornXmax 


96 














Average longitudinal shower profile 


Francisco Diogo 



X - [g/cm^2] 


Figure 1: Average profiles for all the energy bins used in this work. The statistical error is shown as a black 
line and an estimation of the systematic uncertainty bin-by-bin as a gray area. Reconstructed profiles for 
MC are show in blue (proton) and re (iron). The high energy model used is QGSJETII03. 
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Figure 2: Left; Average profiles for energies between 10*^ ^ and 10*®'^ eV. Data is shown in black, proton 
and iron reconstruction in blue and red respectively. The grey points represents the fraction of the total 
Cherenkov (direct and scattered) contribution in each bin. In the bottom plot is the ratio of reconstructed 
MC profiles over the generated ones for proton (blue) and iron (red). Right: The same profiles as on the left 
but only the htting range is shown and the Gaisser-Hillas fit superimposed. The residuals of the fit to the 
data profile are shown in the bottom. 


4. Data selection and Monte Carlo validation 

The event selection used here is based on the most recent Auger Collaboration X max analysis 
paper ([9]). The cuts used include requiring no clouds and an existing aerosol measurement, as 
well as a good hybrid geometry reconstruction. On the shower profile very strict cuts are made: 
at least 300 g/cm^ must be observed, including the X^ax depth, for which the expected resolution 
must be below 40g/cm^. A fiducial field of view is defined to guarantee the (X^ax) measurement is 
unbiased w.r.t. composition. Also, to minimize the amount of Cherenkov light, the minimum angle 
between a pixel pointing vector and the shower axis has to be larger than 20°. In this work, two 
additional cuts were used. One of the telescopes was excluded due to alignment problems, detected 
as significant time residuals found for showers crossing more than one telescope. Events in which 
more than 25% of the triggered pixels had large time residuals (greater than 3a) from the geometry 
fit, were also not used. In the first cut we lose approximately 3% of the events (479), while in the 
second only 8 events were excluded. 

In total 15782 events were selected, and we divide them in 6 energy bins. The shower profiles 
are constructed in lOg/cm^ bins in X', in which each energy deposit is accumulated with a weight 
corresponding to the inverse of its squared error. The profiles for all energies are shown in figure 
1. Each average profile is then fitted with function (3.1). 

This method was validated with a full detector simulation for energies between 10^^ and 
10^° eV with proton and iron as primary particles. Comparing simulated and reconstructed av¬ 
erage showers an excellent agreement was found for X' > —300 g/cm^, but reconstruction deviated 
increasingly below it (see figure 2 (left) for the energy bin around 10^^ eV). Above Xmax^ showers 
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Figure 3: L (left) and R (right) as a function of energy. The data is shown in black, with the vertical line 
representing the statistical error and the brackets the systematic uncertainty. Hadronic interaction models are 
shown each with its color (see legend), with full lines being proton predictions and dashed lines iron ones. 

lose most of the primary information (in [6], when trying to maximize proton-iron separation using 
only simulations, lOOg/cm^ was chosen as upper fit limit) and the fluorescence light fraction falls 
rapidly (figure 2 (right)). Hence, the fit limits were chosen to be —300 to -1-200 g/cm^ since it al¬ 
lows having a statistical error smaller than the proton/iron separation at all energies while keeping 
the minimum fluorescence fraction around 80%. 

The reconstructed and simulated profiles are then fitted with equation (3.1) leaving all param¬ 
eters unconstrained^. The fitted values for the shape parameters agree well between simulation and 
reconstruction for all energies above 10^^ eV, with a larger difference for the first energy bin (lO^^'^ 
to lO'* eV). The average bias is corrected and half the proton-iron difference value is added to the 
reconstruction systematic uncertainty in Table 1 . 

5. Systematic uncertainties 

The atmospheric conditions play a crucial role in the propagation of the light, so several sys¬ 
tematic uncertainties related to it were studied: cloud effects, uncertainties of the overall aerosol 
content as well as its height dependence, the effect of excluding the outermost 1.5° at the border 
of the camera from the fit and differences found when separating data by the seasons of the year. 
Since all these effects tend to change mostly either the beginning (clouds) or the end (aerosols) of 
the profile, they contribute strongly to the systematic uncertainty of the asymmetry (R) . We also 
considered the uncertainties in the determination of the fraction of measured light that corresponds 
to fluorescence, direct or scattered (Mie or Rayleigh) Cherenkov light and multiple scattering. This 
includes changing the fluorescence and Cherenkov yield value within its experimental uncertainty 
in the reconstruction, accounting or not for the multiple scattering corrections, and separating data 
according to the fluorescence fraction on the event. Among these, the largest effect found was that 

^In addition to R and L, also the normalization and the maximum are allowed to vary around 1 and 0 respectively, 
since in data we have smearing and small energy dependent bias. Values in data are always within the MC predictions, 
i.e., <0.5% for normalization and less than 1 g/cm^ for maximum 
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showers with fluorescence fraction lower than the average (around 90%) are approximately 4 g/cm^ 
larger in width, L. The shape parameters for the individual shower, Xq and A are constrained with a 
value measured in the data, so we changed these constraints by la in the reconstruction. We tested 
for systematic effects of the telescope alignment by studying the telescope-to-telescope differences 
of the reconstructed shape. Also, a dependence of L and R on the zenith angle or distance from 
to the telescope was studied, but found to be relatively small in comparison to the previous 
ones. The uncertainty from the proton-iron difference in the reconstruction bias correction and the 
uncertainty of the energy scale of 14% [10] are also small. 



R 

L [g/cm^] 

Atmosphere 

0.053 

3.6 

Light components & fit 

0.011 

4.0 

Telescope 

0.023 

3.2 

Geometry 

0.018 

2.0 

Bias corr. & Energy 

0.007 

0.6 

Total 

0.063 

6.3 

Statistical 

0.019 

1.8 


Table 1: Breakdown of systematic uncertainties for R and L. Uncertatinties are energy dependent and 
asymmetric so that only the largest value is reported. 


6. Results 

The fit of data profiles to the Gaisser-Hillas function (3.1) is shown in figure 2 (right). The 
fitted function follows data points through the whole depth range used in this work, [—300, +200] 
g/cm^, with residuals always within the statistical uncertainty. The overall reduced is below 
1.5 for all energies, showing that the analysis of the average shape of profiles in terms of the R 
and L parameters in equation (3.1) is an accurate description. The results of L and /? as a function 
of energy are shown in figure 3. The width, L, in data agrees well with the predicted values for 
all models, and its energy evolution is consistent with a linear increase with logjo[£'/eV]. The 
asymmetry, R, is compatible with models. In the data there is an increase with energy not predicted 
by them, although it is contained within the systematic uncertainty of the measurement. 

It is also interesting to see the results in the (R,L) plane for a fixed energy (Figure 4). In these 
plots we can also represent all possible composition scenarios (as a combination of proton. He, N 
and Fe) for a given energy and make use of our knowledge about the correlation between R and 
L. In Figure 4 (left), for a low energy bin, we can see the average value in data is in the area 
occupied by most models for a light composition, while at 10*^ eV (figure 4 (right)) it is within 
the predictions for heavier primaries. However, they are still fully compatible with all composition 
scenarios on 2a level, so the objective of future work is to decrease the systematic uncertainty and 
derive further constraints on predictions of hadronic models. 
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Figure 4: LvsR for the energy bin lO'^ to 10^^ ^ eV (left) and from to lO'® ^ eV (right). The inner 
dark grey ellipse shows the fitted value for data and its statistical error, and the outer light grey area the 
systematic uncertainty. For each hadronic model all combinations of proton, helium, nitrogen and iron were 
simulated and are represented by its respective colored area. Pure proton is, for each model, on the upper 
left side and the transition to iron goes gradually to the lower right one. 


7. Conclusion and Outlook 

In this work, the average shape of the longitudinal profile of the air showers in the Pierre 
Auger Observatory was measured. We first validated the method in a full detector simulation of 
proton and iron primaries, which showed that reconstructed and simulated profiles are in very good 
agreemenf for all energies above 10^^'^ eV. We have shown fhaf average profiles of fhe dafa are 
well described by a Gaisser-Hillas funcfion fhrough the entire fitting range chosen. We estimated 
the systematic uncertainties contributing to our measurement, and concluded that the atmospheric 
description and the Cherenkov contribution are the main factors that affect the asymmetry and the 
width of the profile, respecfively. The fwo shape paramefers, R and L, resulting from fhis fif were 
compared wifh model predicfions, being fully compafible with them. 
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1. Introduction and motivation 

More than half a century after their first detection, the origin of ultra-high energy cosmic 
rays (UHECRs), particles (mostly protons and other nuclei) reaching the Earth with energies over 
lO'^ eV up to 10^** eV and beyond, is still unknown. Nevertheless, a general consensus has emerged 
that the most energetic cosmic rays are extragalactic, with the transition between galactic and ex- 
tragalactic cosmic rays taking place somewhere between 10^^ and a few times 10^^ eV. The flux 
of cosmic rays above 10^^ eV is of the order of 1 km^^ yr^^ Therefore, very large arrays of par¬ 
ticle detectors are needed to study them; the largest such array is the Pierre Auger Observatory in 
Argentina [1]. The propagation of such particles across cosmological distances can affect their ob¬ 
served energy spectrum and mass composition in nontrivial ways. Eor this purpose several Monte 
Carlo codes have been developed, including CRPropa [2, 3, 4] and SimProp [5, 6, 7]. 

While the energy of single UHECR events can now be estimated with relatively good preci¬ 
sion, it is impossible to determine the mass of UHECRs on an event-by-event basis. The distribu¬ 
tion of parameters such as A'max^ the atmospheric depth at which an air shower reaches the maximum 
particle number, can be used to statistically estimate the mass distribution of UHECRs [8, 9]. 

In this work, we attempt to simultaneously reproduce both the Auger spectrum [10] and 
Xmax [11] data with a simplified model of UHECR sources, characterized by: identical sources 
homogeneously distributed in a comoving volume; injection consisting only of 'H, ^He, and 
^^Ee nuclei, which are approximately equally spaced in In A; power-law spectrum with rigidity- 
dependent broken exponential cutoff, 

dNinj.t ^ f JoPi{E/Eoy^, EjZi < Rcut 

dE Jopi {E/Eo)-yxp (1 -E/Z,R,ut), E/h > Rcut ^ 

where Jq is a normalization factor, Eq = 10^^ eV, A, and Z, are the mass number and atomic number 
of the /-th injected nuclide and with normalized element fractions = 1. Such a simple model 
cannot reproduce measured data over their entire energy range [12]. Eor this reason we only fit data 
at energies above the ankle {E > 10** ^ eV) and make no hypotheses about the nature of possible 
extra components accounting for the rest of the sub-ankle UHECR spectrum. Eor examples of such 
hypotheses made by different authors see e.g. [13, 14, 15]. 

The propagated fluxes can be strongly 
sensitive to poorly known quantities such 
as the height of the far infrared peak in 
the extragalactic background light (EBE) 
spectrum and the cross sections for pho¬ 
todisintegration of nuclei ejecting a- 
particles, as well as on approximations 
made in simulation codes [16]. In this 
work we use both SimProp and CRPropa 
each with several different settings to 
quantify the effect of such differences on 
our fit (see Table 1). Other EBE models such as Kneiske 2004 [17] or Sleeker 2005 [18, 19] give 
similar results. 



MC code 

^photodisint. 

EBE model 

SPG 

SimProp 

PSB 

Gilmore 2012 

SPD 

SimProp 

PSB 

Dominguez 2011 

STG 

SimProp 

TAEYS 

Gilmore 2012 

CTG 

CRPropa 

TAEYS 

Gilmore 2012 

CTD 

CRPropa 

TAEYS 

Dominguez 2011 

CGD 

CRPropa 

Geant4 

Dominguez 2011 

Table 1 

: The various propagation models we used 


(see Ref. [16] and references therein for details) 
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2. Fit results and physical parameters 

The data we attempt to fit consist of 15 measurements of the UHECR energy spectrum in 
logjo(£'/eV) bins of width 0.1 from 18.7 to 20.2 [10], and 110 non-zero measurements of the Xmax 
distribution in logjo(£'/eV) bins of width 0.1 from 18.7 to 19.5 plus one of width 0.5 from 19.5 
to 20.0 and X max bins of width 20 g/cm^ [11]. We approximate the probability distribution of each 
point of the spectrum as a Gaussian with the standard deviation corresponding to the measurement 
statistical uncertainty, whereas for the X^ax distributions we use a multinomial distribution over 
the Xmax bins for each energy bin, where the mass distributions at the Earth from the simulation 
outputs are converted to the X^ax distributions via a Gumbel parameterization [20] based on the 
EPOS-EHC [21] model of UHECR-air interactions. 

The free parameters of the fit are: the injection normalization factor Jq, the injection spectral 
index 7 , the cutoff rigidity Rcut^ and the element fractions at injection (three free parameters pu, 
Pue, Pn', the fourth is bound by ppe = 1 — Ph — Phb — Pn)- In total, we have 125 non-zero data 
points and 6 free parameters. 

Using the propagation model listed as SPG in Table 1, we find the best fit at 7 = O.Od+QjQ, 
Rcut = V, with a deviance^ (generalized x^) pcr degree of freedom D ^m /n = 178.5/119.^ 

To assess the statistical significance of this, we repeated the fit using lO'^ mock data sets for the 
spectrum and X^ax distributions generated according to the best-fit model and the same statistic as 
the real data, and found that D^aa exceeds 178.5 for p = 2.6% of the mock data sets, indicating a 
slightly statistically significant deviation of the data from the model. The normalization 7o we find 
corresponds fo a fofal emissivify = 5.15 x 10“^'* erg/Mpc^/yr, and fhose for fhe single elemenfs 

ifHe = 0.289ifo, = 0.656^0, and ifpe = 0.055ifo- 

In Pig. 1 we show fhe deviance of our fil as a function of (7,Rcut)> where for each poinf of 
fhe profile likelihood plane fhe values of fhe remaining paramenfers (Jq and pt) are chosen so as 
fo minimize fhe deviance (mai'ginalized). The besf fil can be seen lo be pait of a long ‘valley’ 
exlending lo lower values of 7 and Rcut approximalely along fhe shown curve. There also is a 
second local minimum af 7 « 2, bul if is much worse fhan fhe global minimun (D 2 — Di = 56.5, 
corresponding fo a 7.5a exclusion; p = 5 x 10^^ from mock dala sefs), mainly due lo predicfed 
Xmax disfributions af mosl energies thal are broader than observed. 

The corresponding simulated spectra and the mean and variance of the simulated X^ax distri¬ 
butions are shown in the left panels of Pig. 2 for the best fit and in the right panels for the local 
minimum at 7 « 2 . 

3. Systematic uncertainty due to the propagation 

Certain assumptions about the processes affecting the propagation of UHECRs can result in 
substantially different spectra at the Eaith for a given spectrum at injection [16]. To study the effect 

*The deviance is defined as D = —21n(L/Lsat), where L is the likelihood of the model considered and Lsat is that of 
a hypothetical model perfectly reproducing the data. It coincides with the usual x'^ statistic for Gaussian likelihoods. 

^The uncertainties given for y and Rcui correspond to the intervals where D < Omin + 1 (68% confidence). For the 
fit with propagation model SPG, the correctness of errors has been checked with a posteriori errors obtained from mock 
data sets, which were also used for the uncertainties on p, given in Fig. 1 . 
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model SPG 

best fit 

2 nd local min 

Jo [eV^* Mpc^^ yr^^] 

7.17 X 10^^ 

4.53 X 10^9 

7 

n 94+0 09 

2.03 

loglo(^cut/V) 

18.67 ±0.03 

19.84 

PH 

0.0+29-9% 

0 . 0 % 

PHe 

62.0+^f2^o 

0 . 0 % 

Pn 

37.2++'^% 

94.2% 

PFe 

0.81°:2% 

5.8% 

D/n 

178.5/119 

235.0/119 

D (7), D {X^ax) 

18.8, 159.8 

14.5, 220.5 

P 

2 . 6 % 

5 X 10-4 


Figure 1: Left: -y/D —Dmin where D is the profile deviance as a function of (7,f?cut) Z)niin is the best-fit 
deviance. Each coloured area corresponds to la, 2a, ... confidence intervals. The inset shows the values of 
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG. 




Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E^) at the top of the Earth’s atmo¬ 
sphere with the best-fit parameters (left) and the local minimum at 7 « 2 (right) for model SPG, along with 
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red), 
2 < A < 4 (grey), 5 < A < 26 (green), 27 < A (blue), total (brown). Bottom: average and standard deviation 
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic¬ 
tions in the two scenarios (brown), pure *H (red), ‘^He (grey), (green) and ^®Pe (blue). Only the energy 
range where the brown lines are solid is included in the fit. 

of this on our results, we repeated the fit described in the previous section for each of the various 
propagation models listed in Table 1. The results are shown in Table 2. 

From Fig. 3, it can be seen that the relationship between 7 and /?cut and the position of the 
second local minimum are very similar from one model to another, but the position of the best fit 
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model- 
dependent. Furthermore, propagation models with lower photodisintegration rates^ tend to result 
in better fits to the Auger data, except at very low values of 7 and 7?cut- 

^The Dominguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable 
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7 ( 1 st min) 

loglo(^cut/V) 

r,D(j) 

OOfmax) 

SPG 

SPD 

STG 

CTG 

CTD 

CGD 

±0.941°;?^ 
-0.45 ±0.41 

_l_0 69+° °"^ 

-l-U.Oi' QQg 

_|_0 l'X+O-07 

-|-u. /CI_0.06 

— 1 06+°'^^ 
l.UD_ 0.22 

_1 29+0.38 

18.67 ±0.03 

18.27+0;°^ 

18.60±0.01 

18.58±0.01 

18.191°;°^ 

18.181°;°^ 

178.5/11 

193.4211 

176 9 1^-^ 

IQS a 33.6 

192 3 21.2 

192 5 1^-2 
i^z.Ji73 3 


*This interval extends all the way down to —1.5, 
the lowest value of y we considered. 



-1.5-1-0.5 0 0.5 1 1.5 2 2.5 
Y 


Table 2: Best-fit parameters and 68 % uncertainties for the various propagation models we used (see Table 1). 
In the right panel local minima at 7 « 2 are also shown. The dotted line is the same as in Fig. 1 . 



Figure 3: D for each value of 7 (hrst panel) and /?cut (second panel) for each propagation model, where the 
other parameters are chosen so as to minimize D 


4. Effect of systematic uncertainties of the measurements 

To study the effect of the systematic uncertainty of the energy scale of the Pierre Auger Ob¬ 
servatory, we repeated the fit using the propagation model A shifting the energy of all measured 
data points by ±14%, corresponding the systematic uncertainty of the energy scale, and/or shifting 
the Xmax scale by the systematical uncertainties.^. The resulting best fit parameters are shown in 
Table 3 and the relationships between the parameters and the deviance are shown in Fig. 4. 

Except at very high values of /?cut^ the fit is improved by shifting the energies downwards and 
worsened by shifting them upwards. This effect is largely due to the data points in the measured 
spectrum around 10*^ ^ eV, being shifted towards or away from the descent in the simulated prop¬ 
agated nitrogen spectrum due to photodisintegration interactions. As for the Xmax scale, lowering 
it in higher values of 7 and R^ut and vice versa. Furthermore, lowering the X^ax scale improves the 
fit and raising it worsens it. 

cross sections for certain photodisintegration channels (largely in excess of the available measurements) which are 
neglected altogether in PSB. 

^The systematical uncertainties on Arnax are asymmetric and slightly dependent on energy, ranging from 6.9 to 
9.4 g/cm^. See Table IV in Ref. [11] for details. 
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y 


nominal 


logl0(^cut/V) 

-14% 

energy 

scale 

±14% 


+ 1.32+^;^= 

-fl.35±0.05 

4-1 4q+U.UQ 

^ 1 (Tsyst 

18.681°:“ 

18.73 ±0.02 

18.78±0.01 


157.4i°8°4 

172 1 

203.5«i 

nominal 

+0.90l°|° 

_l_0 94 +U .09 
-hu.v 4 f_o 10 

±0.981°:;° 

-^max 

18.641°;“ 

18.67±0.03 

18.70±0.03 

scale 

165.5,” 

170 c 18.8 

214 9 50.4 


< -1.50 

< -1.50 

-1.34+°“ 

+1 ^syst 

< 18.22 

< 18.24 

18-281^:;;^ 


< 207.0 

<217.2 

256.O200.4 


*This interval extends all the way down to —1.5, 
the lowest value of y we considered. 


20 

- 1 - 1 - 1 - 1 - 1-1-»- 


nom. — 1 — M 


-E 4 

19.5 

h-E — 

V ^ 

> 

I )\: 

3 

CJ 

(V 1 n 

2nd min. 

0 

best fit 



18.5 

" " 

18 

. 


-1.5-1-0.5 0 0.5 1 1.5 2 2.5 
Y 


Table 3: Same as in Table 2, using propagation model SPG and shifting the Auger energy and/or Amax scales 




Y 


Figure 4: Same as in Fig. 3, using propagation model SPG and shifting the Auger energy and/or Amax scales 


5. Effect of UHECR-air interaction models 


In order to study the effect of different 
models of UHECR-air interactions, we re¬ 
peated our fit with propagation model SPG 
using Sibyll 2.1 [22] and QGSJet 11-04 [23] 
instead of EPOS-LHC. The results are shown 
in Table 4 and in Eig. 5. 



7 ( 1 st min) 

loglo(^cut/V) 

r,D(J) 

OfXn.ax) 

E 

+0.94i;j;?^ 

18.67 ±0.03 

178.5/11 

S 

< -1.50 

< 18.27 

<256.8 

Q 

< -1.50 

< 18.28 

< 344.3* 


*At least in the y range we considered, this minimum 


is actually worse than that at y ~ 2 for this model. 


The use of Sibyll 2.1, and to an even 
larger extent QGSJet 11-04, worsens the fit at 
all considered values of 7 and Rcuti in addi¬ 
tion, the I0W-7 minimum is pushed down to 
values of 7 outside the range we considered, 

and with QGSJet 11-04 the high -7 local minimum is better than at least the visible portion of the 
I0W-7 one. 


Table 4: Same as Table 2, using propagation model 
SPG and various UHECR-air interaction models 
(E: EPOS-LHC, S: Sibyll 2.1, Q: QGSJet 11-04) 
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Figure 5: Same as in Fig. 3, using propagation model SPG and various UHECR-air interaction models 
(E: EPOS-LHC, S: Sibyll 2.1, Q: QGSJet n-04) 


6. Conclusions 

When interpreted with a simple model of UHECR injection, the Auger data are best fitted by 
very hard (7 < 1 ) injection spectra and the flux is mostly limited by the maximum energy at the 
sources. The local minimum with 7 « 2 and large maximum rigidity, which is more in line with 
standard models of cosmic ray acceleration, predicts wider distributions of UHECR masses at each 
energy than observed in the data. This conclusion is robust with respect to all the model variations 
we considered, but the position of the best fit is strongly sensitive to the details of the propagation, 
though in all cases it is in the same curved strip of the (7,Rcut) plane. The uncertainty due to our 
ignorance of details of the propagation are much larger than that due to the statistical uncertainty 
of measured data. 

As for the goodness of fit, it is better for models of UHECR propagation with lower photodisin¬ 
tegration rates (Gilmore 2012 EBE model, PSB cross sections) than with higher rates (Dominguez 
2011 EBE model, TAEYS cross sections), better for models of UHECR-air interactions predicting 
deeper showers (EPOS-EHC) than shallower ones (QGSJet 11-04), and better for the cases when 
the Auger energy and Y^ax scale are assumed to be lower than the nominal ones. 

Other possible ways of improving the agreement with measured data, such as considering 
more injection masses, considering non-uniform source distributions, or more complicated injec¬ 
tion spectra, are outside the scope of this work. 
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1. Introduction 

In the interplanetary medium, the transport of high-energy/non-thermal charged particles with 
Larmor radius comparable to or smaller than the Heliosphere size, is sensitive to solar magnetic 
activity, mainly due to its effects (on various space-time scales) on several heliospheric properties. 

While many of these effects have been studied since the 1960’s, mainly using neutron mon¬ 
itors, during the last decade several new particle detectors (such as muon telescopes or the low 
energy modes of some high energy observatories) have also begun helping us to better understand 
the physical processes in the heliosphere that affect the propagation of these energetic particles. 

In particular, the solar modulation of galactic cosmic rays (GCRs) on time-scales from minutes 
to several days, has been studied recently using the flux of secondary particles detected by the 
surface detector array (SD) of the Pierre Auger Observatory [1, 2, 3]. These studies quantified the 
sensitivity of GCRs to specific transient interplanetary structures for different energies [4]. 

The Pierre Auger Observatory [5] is located at Malargiie, Argentina (69.3° W, 35.3° S, 1400 
m a.s.L), and was designed for the study of cosmic rays (CRs) at the highest energies. Its SD array 
consists of 1660 water-Cherenkov detectors (WCD), arranged in a triangular grid with a spacing of 
1500 m, distributed over an area of 3000 km^. 

Measurements of low-energy cosmic rays (primary energies from ~ 10 GeV to a few TeV [3]) 
can be performed at the Pierre Auger Observatory by exploiting two different low energy modes 
implemented at the Observatory. These produce complementary sets of data [4] : the Scaler and 
Histogram modes. The Scaler Mode is a particle counter mode. It was implemented in all the 
detectors of the SD array and these data are recorded for every station every second, reaching 
typical counting rates of ~ 1.8 x 10^ counts per minute. From September 2005, it has recorded the 
number of signals detected above a very low threshold of 3 ADC counts above the station baseline 
and with an upper cut of 20 ADC counts. This range of ADC counts corresponds to a deposited 
energy (in the detector volume) between « 15 MeV and « lOOMeV [2]. 

The Histogram mode comes from measuring the properties of pulse signals produced by the 
particles interacting with the water volume. In particular, one-minute histograms are built at each 
SD station from the peak of each signal (peak histograms), and from the total charge deposited at 
the photomultiplier tubes (PMTs) of the detectors (charge histograms), which is proportional to the 
deposited energy within the detector volume [6]. Thus, after a calibration process considering the 
energy deposited Ed by a central and vertical muon (equivalent to a signal of 1 VEM, for vertical 
equivalent muon), it is possible to construct histograms of deposited energy up to ~ 1 GeV. The use 
of histogram data allows us to study the variation of the counting rates in different energy-deposit 
bins, corresponding to different CR primary energies [4]. There are two particular ranges that will 
be analyzed in the present paper: one comparable to deposited energies of the scaler mode {Ed 
between 60 MeV and 120 MeV), and one associated with energies deposited by single muons near 
the range associated with vertical incidence {Ed between 200 MeV and 280 MeV). 

Both Scaler and Histogram modes are complementary in some sense, and so it is also possible 
to make a cross-check of the two kinds of data for making consistency tests. 

By using the data described above, we have studied so far [1, 2, 4, 3] transient phenomena 
of solar origin such as, for instance, Forbush decreases produced by Interplanetary Coronal Mass 
Ejections and the daily modulation of the counting rate. In this paper, for the first time, we exploit 
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these data to study CR variations over time-scales close to that of one solar cycle. The data used in 
the following span an 8-year period from January 2006 to December 2013. 

In section 2 we describe the general data treatment and selection criteria applied to Scaler and 
Histogram data. In section 2.1, we present the corrections that we apply to the data to take into 
account the long-term variations of the response of the water-Cherenkov detector to particles. This 
correction is followed by a data rejection, described in section 2.2, and then we describe (2.3) how 
we account for atmospheric effects (mainly due to pressure) on the rate of observed particles. Then, 
in Sections 3 and 4, we show the behavior of the corrected counting rate at different energies and 
over 8 years, and compare them with neutron-monitor data, giving a discussion and our conclusions 
for this paper. 


2. Data Treatment 


It is well established that the so called Area over Peak (AoP) signals characterize the long-term 
(years) variations of the response of a WCD to particles (see for example [7, 5] and cited references 
therein). This AoP is a proxy for the impulse response of the detector to individual muons, and is 
defined as the ratio of the deposited charge (VEMq) to the peak (VEMp) of the pulses associated to 
the passage of vertical muons trough the water volume: 


AoP = 


VEM^ 
VEMp ■ 


(2.1) 


As the signals given by extensive air shower detected in the WCD are calibrated in terms of 
the instantaneous value of the charge corresponding to the VEM [6], these variations do not affect 
the standard data reconstruction and analysis. Even so, since the data of the low energy modes are 
based on the detector response to secondary paiticles produced during the interaction of CRs with 
the atmosphere, the AoP variation with time could affect the rates measured in those modes and so 
has to be corrected when long-term solar modulation effects (such as the eleven year solar cycle) 
are to be studied. 

In this section we explore the effect of the AoP evolution as a function of time on the scaler 
rate and histograms at the individual station level, and then implement a procedure to correct the 
long-term behaviour for this effect. 

The main interest of this work is to analyze the corrected data from the two modes (Scalers 
and Histograms) and to find fhe physical long-ferm flux of afmospheric secondaries as measured 
by fhe entire array. To do fhis, we infroduce a parficular dafa analysis process af fhe individual 
defector level. 

The high slafislics of fhe array allow us fo infroduce resfricfive fibers fo guaranfee fhe qualify 
of fhe dafa we include in fhis sfudy. We only include dafa fhaf salisfy fhe following condifions: 
1) fhe fhree PMTs of fhe defecfor musf be operafive (fhis informalion is obfained by counfing fhe 
number of working PMTs in fhe moniforing dafa as a funclion of lime), 2) fhe average number 
of operafive deleclors musf be: 2.a) for scalers: larger fhan lhan 600 wifhin 5 minules inlervals; 
2.b) for histograms: larger lhan 150 wifhin 15 minules inlervals; and 3) for hislogram dafa we 
include an addilional crilerion: we only use hislograms whose firsl local maximum (fhe so called 
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Ej^-. 220-240 MeV 




3.0 3.5 4.0 4.5 


AoPid 

Figure 1: Two dimensional histogram showing the correlations between the Scaler rates Sid and AoP,y 
at individual WCD station data. Left panel; using scaler data averaged over 5-day time windows. Right 
panel; we show the rate, for the band where the muon content is dominant, for charge histograms at 15-min 
resolution level. This band is shown as an example; for the rest of the energy channels, the correlations have 
different slopes but similar structures, as shown in figure 2. The bin widths in AoP and the normalized rates 
are respectively 0.04 and 0.014. The dashed red lines represent the linear fits obtained from equation (2.2). 

electromagnetic peak) is located at values of deposited energies larger than 20 MeV. Histograms 
that do not fulfill this condition are very few but have typically noisier rates and are discarded. 

2.1 Area over Peak correction 

In the following section we present corrections by looking for linear correlations between AoP 
and count rates (scaler and histograms) at the individual SD level. 

A strong correlation is found when the data from the whole array are considered, as can be 
seen in Figure 1 . These data show that detectors with large AoP values also have large scaler rates. 
This can be understood since large AoP implies a better response of the detector to individual 
particles. From the Scaler point of view, larger pulses implies that more pulses will reach the 
counting threshold to be recorded. 

In the following notation, it is understood that Sy is the scaler rate of the WCD station 
with identification number id, and that it is normalized by the whole array temporal average 
gphys _ such that Sid = where the superindex phys refers to mag¬ 

nitudes in physical units. Similarly, we will assume that the histograms rates Hid^e are normalized 
by the whole array time average at each energy band Ed indexed with e, denoted by = 

(('^w*r(0)vid)vt> such that Hid^e = Hjfy The deposited energy band rates have been pro¬ 
cessed in uniform intervals of 20 MeV in the range Ed = {0 — 1000) MeV; so that energy indices 
are e = 0,1,2,...49. To account for the AoP effect we fit a linear regression; 




Sid = m^’^°PAoP,y + ZjS’^°P 

= mH’^°PAoPy + (2.2) 

obtaining slopes with statistical errors of the order of 1% for scalers and histograms for the 
2006-2013 period. The values of and are shown in the left panel of Figure 2. 

The dependence of on energy is closely related to the long-term evolution of the charge 
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histograms. An example of the linear fits for the energy range channel between 220 MeV and 
240 MeV is shown in the right side of Figure 1. 

To perform a first-order correction in the individual scalers (Sid) and histograms (//id.e), we 
apply a linear detrend on the individual AoPid as follows: 

^corr/AoP(^^ = Sid(0 - m^'^“'’(AoPid(t ) -A^) 

^cWAoP(^^ = //id,e(0 - mH.AoP(AoPid(0 - A^), (2.3) 

where and rates corrected for the AoP modulation. The global average 

over the considered detectors and the whole time period is given by AoP = ((Ao/^y(0)vid)vt- The 
number of detectors included in the average calculation is not necessarily the whole array, as the 
detectors must pass the filters mentioned earlier in this section. The average term has been added in 
order to conserve the mean values: {t))\/iii)\it = 1, and similarly = 1- 

2.2 Data rejection method 

Once we have obtained the mean value for the AoP corrected scalers and bands-of-histogram 
rates, we need to take into account those outlier values that do not fit within this correction. To 
do this, we introduce the following data rejection method: we discard all the scalers 
outside 2.5a(t) from the mean value (5'id(^))vid^ where o{t) is the standard deviation determined 
from the set of data of the entire array in a 5 minute window centered at time t. 

At this point, we note that when averaging over the entire array, the data are still noisy for some 
time intervals where the number of detectors contributing data is low. Thus, we include additional 
filtering criteria, to both the Scaler and Histogram rates: 

1. for each time bin, using a moving window centered average with a sliding window of 4- 
months length, we determine the mean and the standard deviation of the number of 
working detectors as a function of time. Those periods where the instantaneous number 
of detectors is not within ilaA? respect to that mean value are discarded; and 

2. the instantaneous (AoPid(f))vid value must be inside ±3.3a(f) with respect to the mean of 
the 4-months period. 

2.3 Pressure correction 

To obtain the physical signal we still have to correct for the atmospheric pressure effect in 
the flux. This effecf is evidenced as fhe usual anficorrelafion, and fhe linear paramefers can be 
obfained from fhe fif of a linear function for fhe flux as fhe function of afmospheric pressure. The 
corresponding slopes for fhe scalers rales, and for fhe hisfograms bands, can be 

seen in fhe righl panel of Figure 2. Affer applying fhis correclion we finally obfain fhe AoP and 
pressure correcfed rales (^7°e described in fhe 

nexf section. 

For discussions hereafter, we will use fhe abbrevialed nolalion x 

which refers lo hislogram rates correcfed by AoP and bai'omelric effecls, wilh physical unils al each 
energy band e. 
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Figure 2: Left; slopes (black dotted lines) from fits to the correlations between charge histogram 

counts and AoP as shown in Figure 1. Units are in percentage per AoP unit, and the errors are of the order 
of 1%. In the inset the corresponding unique value for scalers is shown. Right; slopes and 

OTg(black dotted lines) from hts to correlations between histogram rates and atmospheric pressure. As 
in the left pannel, in the inset the corresponding slope for the Scaler rate with pressure is shown. In both 
cases, red and blue bands correspond to the Hsc and rates, dehned in section 3. 


3. Results and Discussion 

In left panel of Figure 3 we show the long-term pressure-corrected Scaler rates. Grey and 
black curves show data without and with AoP correction, respectively. 

Some differences between the rate of muons and the rate of neutrons (e.g. observed by Neutron 
Monitors) are known, e.g. due to local atmospheric effects and associated primary energies [8] and 
because of the different production rates during the shower. However, in the left panel of Figure 3, 
we present a comparison of observations of the Pierre Auger Scaler mode with data from different 
neutron monitors (McMurdo, Kiel, and Athens), which have different rigidity cut-offs because 
of their different geographic locations. Notice that the AoP-corrected Scalers present a global 
maximum near the middle of 2009, in agreement with the time when neutron monitors observe the 
maximum flux of GCRs associated with the minimum of solar activity, toward the beginning of the 
solar cycle 24. As expected, the amplitude of the GCR modulation at different stations decreases 
monotonically as the geomagnetic rigidity cutoff of each site increases. It should be noted that 
the rigidity cutoff at Malargue (/?c = 9.8 GV) is well below the characteristic energy of GCRs flux 
observed with the Scaler mode at Pierre Auger Observatory, which has a median value estimated 
as ~ 90GeV (see [3]). 

To explore the effects of the solar modulation in different energy ranges, we consider two 
different channels of deposited energy; low and high energy. 

The low energy channel is obtained from integrating the histograms between 60MeV and 
120 MeV of deposited energy, which is related to the scaler trigger bounds and comes from Hsc{t) = 
(t)/For this channel we consider limits at Ed =(60-120) MeV because, for 
energies Ed < 60 MeV, the rate could be affected by the trigger system of the detector. 

The high energy channel is related to the second peak of the charge histograms, where vertical 
muons become the predominant component.lt is obtained from EI^ (?) = /Leiio 

corresponding to Ed =(200-280) MeV. 
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Figure 3: Left panel; Long-term of pressure-corrected Scalers with AoP correction (black dots) and without 
AoP correction (gray line), compared with different NMs (inset shows geomagnetic rigidity cut-off). The 
lower Auger amplitude of the solar cycle modulation is consistent with the decreasing trend for high rigidity 
NMs. Right panel; time prohles for H^c (red) and (blue); both normalized by their time average. In 
black, the same scaler prohle as in left panel. The three prohles show a global peak at the solar minimum 
period. Note that the global peak at lower energies is stronger than at higher energies, as expected. 


The long-term profiles for Hsc and are shown in the right panel of Figure 3. In this figure 
it is also possible to see a global maximum flux of particles near the middle of 2009, at the same 
time as in the Scalers. 

Furthermore, we find that, as expected, the peak at lower energies (Hsc) is stronger than at 
higher energies (H^). Superposed to the rates of scalers and histograms, there is a pronounced 
annual modulation, that appears stronger in the Histogram data. This is a negative temperature 
effect (anticorrelation between the rate and the temperature), an effect that has been previously 
reported for muon detectors [9, 8]. The increase of the temperature causes a decrease of the air 
density, and consequently an increase of the volume of the atmosphere; therefore, charged pions 
are produced higher in the atmosphere and more muons will decay before reaching the detector 
level. 


4. Summary and Conclusions 

Summarizing, in the right panel of Figure 3 we present for the first time the long-term (8- 
years) behaviour for Scalers, for Hsc{t), and for measured by the low energy modes of 

the Pierre Auger Observatory, where the solar cycle (modulation associated with interplanetary 
physical mechanisms) and the daily modulation (associated with atmospheric physical processes) 
can be observed for the different energy bands of these modes. 

The period observed corresponds to the last, very weak, period of solar activity, with a conse¬ 
quent interest of being associated with the lowest interplanetary effects on OCRs, ever recorded. 

Other detectors that can provide such a long recording period, as the one presented here, 
are neutron monitors. However, the rates that we present correspond to higher energies than the 
ones observed using neutron monitors (which also are counters that do not distinguish different 
energies). Then, our observations can help to better understand the effects of different fundamental 
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processes (as drift effects or turbulent diffusion) affecting the GCR transport in the heliosphere, for 
different primary energies. 

Furthermore, these low energy mode data (e.g. Scalers, Hsc, and H^) provided by the Pierre 
Auger Observatory, give the flux of low energy OCRs with the highest statistical significance due 
to its huge total collecting area from more than 1600 detectors. 

Thus, we have presented measurements of scaler and muon fluxes at unprecedented statistical 
confidence, covering the most interesting period of recent solar cycles. The low energy (scaler and 
muon) modes of the Pierre Auger Observatory can extend the range of rigidities that are routinely 
studied using NMs. 
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The Auger Engineering Radio Array, an extension of the Pierre Auger Observatory with antennas 
in the MHz range, requires to monitor the atmospheric conditions, which have a large influence 
on the radio emission of air showers. In particular, amplified signals up to an order of magnitude 
have been detected as an affect of thunderstorms. For a more detailed investigation and more 
generally, for detecting thunderstorms, a new lightning detection system has been installed at 
the Pierre Auger Observatory in Argentina. In addition, an electric-field mill measures the field 
strength on ground level at the antenna array. With these measurements, data periods affected 
by thunderstorms can be identified. Additionally, a lightning trigger for the water-Cherenkov 
detectors was developed to read out individual stations when a lightning was detected nearby. 
With these data, a possible correlation between the formation of lightning and cosmic rays can be 
investigated even at low energies of about 10^^ eV. The structure and functionality of the lightning 
detection are described and first data analyses are shown. 
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1. Introduction 

The Pierre Auger Observatory [1], located in the Province of Mendoza, Argentina, is the 
world’s largest cosmic-ray observatory. The objectives of the observatory are to probe the origin 
and characteristics of cosmic rays above lO'^ eV and to study the interactions of the most energetic 
particles observed in nature. The observatory is a hybrid system, a combination of a large surface 
detector (SD) and a fluorescence detector (FD). The SD is composed of 1660 water-Cherenkov 
stations placed on a triangular grid with nearest neighbors separated by 1500 m. It is spread over 
an area of ~ 3000 km^ and overlooked by 27 air fluorescence telescopes, as indicated in Fig. 1. 

In 2006, the Pierre Auger Collaboration started an R&D program for radio-detection of air 
showers [2]. With the Auger Engineering Radio An'ay (AERA) [3] first important results for 
the understanding of the radio emission process could be provided [4]. A strong enhancement 
of the detected amplitude in case of thunderstorms has been reported before [5, 6]. Therefore, 
radio detection requires the monitoring of the environmental electric field (E-field) condition to 
identify data periods affected by thunderstorms. This can be done using an E-field mill. In case 
of lightnings, the measured E-field values change within a second by several kV. Algorithms to 
analyse the time-sequence of the E-field data are used to identify different environmental conditions 
like thunderstorm and lightning strikes [7]. The E-field mill is limited in time-precision to a one- 
second sampling. Moreover, it offers no space information except for the position of the E-field 
mill, and its sensitivity is limited to distances of a few tens of kilometer. 

2. Lightning detector 

The StormTracker from Boltek* is a lightning detection device which consists of a PCI card 
and an external antenna connected via an Ethernet cable. This device is able to detect lightning 



Figure 1: The Pierre Auger Observatory. Each dot corresponds to one of the 1660 surface detector stations. 
The four fluorescence detector enclosures are shown, each with the 30° x 30° held of view of its six tele¬ 
scopes. The five lightning detector stations are located at the four fluorescence buildings and at the campus 
in Malargiie. From [1]. 

'http://www.boltek.com/product/stormpci-long-range-detection-kit 
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Figure 2: Example of the trace of a lightning event as detected with the Boltek StormTracker. The strong 
deviation from null indicates a lightning. The full length of the trace is 64 /rs. 


strikes within a radius of 1000 km. It detects radio signals in the kHz region (ca. 10 to 90 kHz) 
which are initiated by lightnings. 

The PCI card is mounted in a small, low-power consumption PC providing the PCI-port. The 
data acquisition has been programmed interfacing the Boltek Linux development kit^. This al¬ 
lows direct access to the PCI-card and the readout of the full sampling trace measured for the 
two polarization directions North-South (NS) and East-West (EW). Each input is sampled with 8 
MHz. The trace contains 512 samples in a 125 ns binning for a full length of 64 /rs. The card 
uses a threshold-trigger to generate events. An example of the two traces corresponding to the two 
antenna polarizations is shown in Eig. 2. 

An estimation of the direction of the lightning is done by each single detector via the fraction 
of the signal amplitude in both polarization directions. The distance itself is estimated from the 
amplitude, assuming an average lightning intensity and the amplitude to scale as the square of the 
distance. Traces with a frequency higher than 90 kHz are rejected as noise. 

In addition to the simple position reconstruction using the polarization and amplitude of one 
lightning detection station (EDS) as shown in Eig. 3, the position of the lightning can be determined 
also from the timing information of several stations measuring the same lightning event. This 
coincident measurement of several stations significantly reduces the background of transient pulses 
mainly originating from locations close to one detector station. The necessary absolute time for 
the measured events is obtained by a GPS module (ublox EEA-6T^, see Pig. 4). The GPS module 
receives directly the trigger information from the StormTracker card via a cable. The corresponding 
exact absolute time can be readout from the EDS via USB. 

Pive EDS have been deployed at the Pierre Auger Observatory, one at the Campus in Malargiie 
(MG), and the other ones at each of the Pluorescence Detector buildings indicated in Pig. 1: Eos 
Eeones (EE), Eos Morados (EM), Coihueco (CO) and Eoma Amarilla (EA). 


^previously available at http://www.boltek.com 

^ www.u-blox.com/de/gps-mouldes/u-blox-6-timing-module/lea-6t.html 
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Figure 3; Left: Example of the data measured with one LDS (LL) for one day with a thunderstorm mainly 
east of Los Leones (16th October 2014). Right: Rates of the LDS and the reconstructed events (note the 
separate scale on the right). 



Figure 4: Picture of the GPS module integrated in the LDS and triggered by the lightning detection card. 

3. Reconstruction of lightning events 

The position of a lightning strike can be reconstructed using the absolute timing information 
of several stations. Considering i LDS, the determination of time and place is overconstrained. It is 
estimated by fitting the time and place assuming the propagation with speed of light to the stations. 
Actually, the quantity minimized is the deviation w.r.t. one LDS, here LDS 0 is selected arbitrarily, 
which is compatible with minimizing to the mean time, using: 

ti = t + sj {xi-xf + {yi -yflc. (3.1) 

The distance from each detector to the lightning position Si is described as: 

Siix.y) = {xi-xY + {yi-yY = i'o(jcD) + {U - to) ■ c. (3.2) 

Rearranging equation 3.2 yields sqj, the distance of the lightning event from detector 0 calculated 
using data from detector /: 

so^i{x,y) = [xi-x)'^ + {yi-y)'^ - {ti-to)-c (3.3) 

Without any measurement uncertainties, sqj is the same for all detectors. Since measurements do 
have uncertainties, the position of the lightning is estimated by minimization of 

P{x,y') = min l^{soj{x ,y') - 5oj(^',y'))^^ • 0-4) 
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Figure 5: Example of a lightning event measured in four EDS (left). Smaller pre-peaks might exceed the 
threshold at a station resulting in a different reference time of the trace. The same event after shifting to 
maximize the cross-correlation product (right). 


Important for the estimation of the lightning time and position is the exact reference time at 
the station. Here, a simple time of threshold is not sufficient, since lightnings often show several 
pulses (see example in Fig. 5), and depending on the distance, a pre-pulse can exceed the threshold 
while at other LDS a later pulse might be the first superating the threshold, giving different times of 
references for the lighting estimation. Therefore, the time of reference is estimated by maximizing 
the cross-correlation product, CC(offset), of the full traces: 


CC(offset) = max 


■ ‘^(■j'+offset) 


(3.5) 


Ati = offset - 125 ns. 


(3.6) 


The starting-time of each detector is corrected by adding the time offset At, to the start-time of the 
trace for the /th LDS. The resulting optimal shifted traces are also shown in Fig. 5. In this way, the 
optimal time estimation for the different LDS independent of the amplitude of the lightning-signal 
is achieved. 


4. Estimation of the reconstruction accuracy 

To test the accuracy of the reconstruction method we simulated lightning events. The timing 
of single stations is smeared by a Gaussian distribution with a width of 30 ns corresponding to 
the absolute timing uncertainty of the GPS. The events are then reconstructed using the same al¬ 
gorithm. The positions of the LDS are given by the buildings of the fluorescence detectors of the 
Pierre Auger Observatory and the campus building. These positions are not optimally distributed, 
so we expect regions and directions with better and worse accuracy. In Fig. 6, the average distance 
between the simulated and the reconstructed position is shown for the simulated positions. Espe¬ 
cially outside of the array, the estimation of the direction and distance are clearly different, making 
a polar representation more useful, as given in Fig. 7. As can be seen, the accuracy is usually about 
2.5% in distance and 0.06° in direction. For lightning strikes over the Pierre Auger Observatory, 
the position is determined typically better than 100 m. 
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Figure 6: Average distance in meter between the simulated and the reconstructed position at the simulated 
position on the ground for simulated lightning events smeared according to the absolute time accuracy of the 
GPS modules. The four LDS used in this simulation are indicated by the white circles, which give a scale 
for the size of the observatory in this plot. 

5. Comparison with WWLLN data 

The Worldwide Lightning Location network (WWLLN) provides realtime locations of cloud- 
to-ground lightning discharges [8]. Currently, more than 50 sensors [9] around the globe detect 
spherical activity in the VLF band. The accuracy of the network was originally determined to be 
about 30 km [10], and has been improved to 10 km for regions with higher sensor density. For a 
test of the lightning detection system at the Pierre Auger Observatory, one month of WWLLN data 
with lightnings occuning within 1000 km of the array center have been provided by the WWLLN. 
For the matching candidates, the difference in distance and direction are given in Fig. 8. 

6. Prospects for cosmic ray measurement 

The additional lightning detector system at the Pierre Auger Observatory offers the possibility 
to study a correlation of lightnings with cosmic-ray showers. This has been an active research 
field in the last decade. The passage of highly localized distributions of electrons and positrons 
can create a region with high fractal ion conductivity in the thundercloud, which may enhance the 
probability to initiate the ground discharge. With the lightning system described in the previous 
sections, we have an accurate measurement of lightnings that can be combined with the cosmic ray 
measurement of the Pierre Auger Observatory at the same location. 

The triggering of the surface detector of the Pierre Auger Observatory is based on a coinci¬ 
dence of three individual surface detector stations, since this is the minimal required measurement 
for a reconstruction of an air shower. Alternatively, even a single station is read out in case of a 
trigger based on the fluorescence detector measurement for a hybrid reconstruction. Due to the 
spacing of 1.5 km between the surface detectors, the energy threshold for air shower measure¬ 
ments is 3 X 10*^ eV for zenith angles smaller than 60°. Lightnings are by far more frequent than 
cosmic-ray showers with energies above 10^^-^ eV. Therefore, a correlation has to be searched for 
air shower below energies of 10^^ ^ eV, where the shower is too small to hit more than one surface 
detector. The idea is to use the lightning detection to trigger the read out of individual surface 
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Figure 7: Reconstruction resolution for simulated lightning events smeared according to the absolute time 
accuracy of the GPS modules. Shown is the difference between reconstructed and simulated direction (top- 
left) and distance (top-right) to the array center vs the azimuth of the direction, as well as the difference in 
the distance vs the distance (bottom). The error-bars indicate the spread of the underlying distributions. 

detector stations, in analogy of the hybrid trigger initiated by the fluorescence detector. Yet, the 
bandwidth to read out additional events is limited. The trigger-condition for the read out of a single 
station has to be restricted to a maximum window in time and space around the lightning detection 
that still can be transmitted by the communication system without disturbing the standard operation 
of the surface detector. 

In addition, AERA itself is capable to measure lightning strikes with high precision due to 
the higher sampling rate. The operation of AERA to record lightnings is difficult in parallel to the 
normal cosmic ray detection, though. 

7. Summary 

The radio detection of air showers requires the measurement of the environmental electric 
field using a E-field mill. This allows to identify data periods affected by thunderstorms. An 
additional lightning detection system has been installed at the Pierre Auger Observatory to enhance 
the spatial and time resolution of detected lightnings. Their reconstruction is optimized using 
the cross-correlation of the measured signals, achieving typically 2.5% resolution in distance and 
0.06° in direction. This offers possible correlation studies between lightnings and cosmic rays. By 
providing a lightning trigger information to the data acquisition system of the surface detector, the 
threshold for a coincident detection of lightning and cosmic ray will be further reduced. 
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Figure 8: Comparison between the position measured with the lightning detection system installed at the 
Pierre Auger Observatory with the one given by the WWLLN for a sample of lightnings in October 2014. 
The error-bars indicate the spread of the underlying distributions. 
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The Fluorescence Detector (FD) at the Pierre Auger Observatory measures the intensity of the 
scattered light from laser tracks generated by the Central Laser Facility (CLF) and the eXtreme 
Laser Facility (XLF) to monitor and estimate the vertical aerosol optical depth (T(z,f))- This 
measurement is needed to obtain unbiased and reliable FD measurements of the arrival direction 
and energy of the primary cosmic ray, and the depth of the maximum shower development. The 
CLF was upgraded substantially in 2013 with the addition of a solid state laser, new generation 
GPS, a robotic beam calibration system, better thermal and dust isolation, and improved software. 
The upgrade also included a back-scatter Raman LIDAR to measure T(z,f). The new features and 
applications of the upgraded instrument are described. These include the laser energy calibration 
and the atmospheric monitoring measurements. The first T(z,f) results and comparisons after the 
upgrade are presented using different methods. The first method compares the FD hourly response 
to the scattered light from the CLF (or XLF) against a reference hourly profile measured during a 
clear night where zero aerosol contents are assumed. The second method simulates FD responses 
with different atmospheric parameters and selects the parameters that provide the best fit to the 
actual FD response. A third method uses the new Raman LIDAR receiver in-situ to measure the 
back-scatter light from the CLF laser. The results show a good data agreement for the first and 
second methods using FD stations located at the same distance from the facilities. Preliminary 
results of T(z,f) using the Raman LIDAR are presented as well. 
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1. Introduction 

The Pierre Auger Observatory, located in Malargiie, Argentina, explores the nature and origin 
of Ultra High Energy Cosmic Rays (UHECRs) with energies above 10^^ eV [1]. The observatory 
(Eigure 1 ) combines a Eluorescence Detector (ED) and a Surface Detector array (SD) in a hybrid 
technique. The ED consists of 27 telescopes arranged at four sites along the perimeter of the 
observatory [2]. The SD is a collection of 1660 water-Cherenkov detectors, placed on a triangular 
grid with a separation of 1.5 km and covering an area of 3000 km^. Two laser facilities are located 
near the center of the SD array. Each facility is nearly equidistant from three of the four ED stations. 



UHECRs entering the atmosphere induce Extensive Air Showers (EASs). The ED uses the 
atmosphere as a giant calorimeter in which an EAS deposits most of its energy. The reliability 
of the reconstruction of any EAS requires an accurate description of the atmospheric conditions 
at the time of detection. The atmospheric description includes the measurement of the vertical 
aerosol optical depth for different heights and times T(z,t) during ED operations. Eor this purpose, 
the ED records tracks from the laser pulses generated by the Central Easer Eacility (CEE) and the 
extreme Easer Eacility (XEE). The CEE and XEE have been operational since 2004 and 2008, 
respectively. In early 2013, the CEE was upgraded with a Raman EIDAR receiver that measures 
T(z,t) independently. 

2. The CLF and XLF 

The CEE and XEE systems [3] generate 7 ns laser pulses at a nominal energy of 5 ml and 
355 nm wavelength, near the prominent 357 nm band of ultraviolet fluorescence in the air [4]. The 
laser tracks are distinguished from regular air shower events, via GPS timing identification. Eor 
atmospheric monitoring during ED operations, the CEE and XEE fire sets of 50 laser pulses, every 
15 minutes, in the vertical direction. Other laser pulses are also fired between the atmospheric 
laser sets. Eor example, steered shots are directed toward astronomical objects of interest. The ED 
response to the scattered light from the fixed vertical laser-pulses at each ED site can be compared 
either with similar measurements recorded during a night free of aerosols, or with simulations of 
data under different aerosols conditions. These comparisons are used to calculate T{z,t)- 
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Both laser facilities are controlled by Single Board Computers (SBC) that can be operated and 
programmed remotely. These facilities are powered by solar panels that charge a battery bank. 
Local data produced during a run are transferred daily to a remote server. 

2.1 The upgraded CLF 

After nearly a decade of service, the CLF [5] was substantially upgraded during the first half 
of 2013 (Figure 2): 

• A back-scatter Raman LIDAR receiver was installed. 

• The original flash lamp pumped laser was replaced by a solid state laser. 

• A newer GPS clock system improves the timing resolution from 100 to 20 ns. 

• The original 20 ft shipping container was replaced by a newer 40 ft unit with tighter doors 
and better insulation. A 2000 liter thermal reservoir coupled to the optical table was added 
to reduce thermal variations. 

• The better sealed container features a separate room for the laser system to reduce the dust 
accumulation. This is important because dust accumulation on optical components increases 
the systematic uncertainty of laser energy delivered into the sky. 

• A robotic system for automatic energy and polarization calibrations was added. 



Figure 2: (Left) Replacing the old CLF container. (Right) The CLF after the upgrade was completed. 


2.2 The energy and polarization calibration system 

The relative energy of every laser shot is measured by a monitoring energy probe that collects 
a small percentage of the total laser shot energy (^monitoring)- A second probe is temporarily po¬ 
sitioned over the beam, for absolute energy calibrations (Fcaiibration)- A Calibration Factor {CF) is 
calculated by averaging the ratio of the calibration and monitoring probes for 13 shots: 


CF = 


1 

13 



^calibration \ 
^monitoring / 


( 2 . 1 ) 
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The calibration system provides CF measurements as frequently as needed for vertical and 
steered modes (Figure 3). The system also includes a second energy probe for cross calibrations. 
An identical calibration system was installed in the XLF at the time of its construction. 
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Figure 3: The calibration stage. (Left) A schematic diagram of the calibration system components on the 
optical table. (Right) The calibration system as fabricated. 


Before the upgrade, absolute calibrations were performed manually at time intervals that 
ranged from a couple of months to one year. The available CF measurements were linearly fit 
to provide a calibration function for different epochs. Epochs correspond to dates where the hard¬ 
ware was changed or the optics were cleaned. The calibration function is corrected to account for 
the amount of light captured by the probe that is not delivered into the sky, because of scattering off 
dust that had accumulated on the tilted mirror. The CF distributions before and after the upgrade 
(Figure 4) demonstrate the improvement in the stability of the laser energy delivered to the sky and 
the frequency of the CF measurements. 




Figure 4: (Left, pre-ugrade) CF are shown in circles. Black lines represent fit functions including cor¬ 
rections and blue lines represent epochs. (Right, post-upgrade) CF are measured every day. Calibration 
functions and fits are no longer required. 

A laser beam without net polarization is preferred because the atmospheric scattering is sym¬ 
metric to the beam axis. To achieve this, the CLF uses polarization randomizers. The calibration 
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system measures the net polarization, by rotating a polarization beam-splittering eube in front of 
the calibration probes, and by measuring the CF. The data points are fit to the function: 

Pa + {Pi-sin{B+P2)). (2.2) 

The energy variations due to polarization for 6 months of data are presented in Figure 5 (left). 
The fitting function is presented in Figure 5 (right) in polar coordinates and overlapping a circle 
of radius Pq that represents a beam without polarization. The maximum deviation of the fitted line 
from the circle at angles facing the four FD sites is no larger than 1%. 




Figure 5: (Left) Six months of polarization calibration data. Blue points represent energy measurements at 
eight different rotation angles of the polarization analyzer. The red line represents the fit function. (Right) 
Data and fit line are presented in polar coordinates. The black circle of radius Pq represents a beam without 
net polarization. The four green stars represent the directions toward the four FD sites. 


2.3 The Raman LIDAR 

The Raman LIDAR measures the back-scatter light from the laser to obtain t(z,() indepen¬ 
dently [6]. The system has three channels: one for elastic scattering, one for Raman scattering off 
N 2 molecules, and one for Raman scattering off water vapor (Figure 6). 



Figure 6: (Left) A picture of the Raman LIDAR optical components. (Right) Examples of hourly T(z,t) 
during a clear and a typical night with aerosols. 
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The low cross section of Raman scattering requires a relatively long laser exposure to reduce 
statistical uncertainties. The Raman LIDAR runs take about 24 minutes. Shorter and longer runs 
can also be programmed. The Raman LIDAR has been running nightly before and after every FD 
shift since November 2013. To increase the number of T(z,t) measurements, an additional run was 
added in the middle of the FD shift beginning November 2014. During this additional Raman run, 
the FD bays overlooking the CLF are closed to avoid saturating the FD photomultipliers. 

3. Measurements and comparisons 

The T(z,t) profiles are calculated using a Data Normalized (DN) method. This method com¬ 
pares the FD response averaged over 200 laser shots (1 hour) with the FD response to 200 laser 
shots recorded during a clear, aerosol free, reference hour. Each average is normalized to the laser 
energy on a shot-by-shot basis. The ratio is used to obtain T(z,f) with a 400 m and a 1 h resolution. 
The reference hour is selected by scanning the highest hourly FD response during a one-year pe¬ 
riod. Most reference hours are found during winter periods. A FD response comparison between 
the 2014 reference hour (found on July 7th) and a typical aerosol-content-hour is shown in Figure 
7 (left). The T(z,t) output of this comparison using the DN analysis is shown in Figure 7 (right). 
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Figure 7: (Left) The green line represents the FD response in an hour with typical aerosol content and the red 
line represents extremely low aerosol content. (Right) The black traces represent T(z,t) and its uncertainties 
for an hour with typical aerosol content. The red traces are the fitted values. 

The DN analysis uses the CLF for FD sites Los Leones, Los Morados and Coihueco, and 
uses the XLF for the FD site Loma Amarilla. This ensures that the scattered photons travel similar 
distances from the laser source to the FD sites. The following analysis will focus on results obtained 
with the upgraded CLF. 

A comparison of t(z = 3km) values obtained with the DN analysis at the same hour is 
presented in Figure 8 (left-center). The DN method presents good correlation for the FD sites 
Coihueco and Los Morados located at similar distances from the laser source. Similar results are 
found at different altitudes. Most outlying points are caused by scattering from clouds. 

T(z,t) can be obtained using a second method called Laser Simulation (LS) analysis. This 
method compares the observed FD response to a set of simulated responses that are generated with 
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different atmospheric parameters. The best fit to the actual FD response is selected. The LS method 
is used to fill in values of T(z,t) in the database that for various reasons are not obtained with the 
DN method. The details of the DN and the LS methods are described in [7]. A good correlation 
between the two methods using the CLF after the upgrade is observed (Figure 8(right)). The level 
of consistency between the two methods is the same as it was before the upgrade [8]. The T(z,f) 
values from both analyses are merged and registered into the observatory database for use in the 
reconstruction analysis of cosmic ray events [7]. 


Coihueco Los Morados hos Leones 



Figure 8: (Left and center) z{z = 3km) correlations in 2014 between the CLF and XLF using the DN 
analysis. (Right) t(z = 3km) correlations in 2014 between the DN and the LS analysis using the CLF. 

A preliminary analysis of the Raman LIDAR measurements was used to obtain monthly av¬ 
erages of T(z,f) different heights. An example of the z{z = 3km) monthly average is presented 
in Figure 9. The data include one measurements of z(z,t) every night during 2014. Seasonal 
variations in the aerosol optical depth are observed. 



Figure 9: Preliminary monthly t(z = 3km) averages measured with the Raman LIDAR. The error bars 
represent one sigma of statistical uncertainties. 

Statistical uncertainties in the Raman LIDAR measurements are due to the small Raman cross 
section in combination with the limited laser exposure (24 minutes or less). Systematic uncertain¬ 
ties are being evaluated. This includes an examination of multiple scattering effects, an examination 
of the aerosol content during the reference hour and the use of a longer Raman run. 
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4. Conclusions 

The CLF has been upgraded to improve performanee and add eapabilities. The Raman LIDAR 
at the CLF is the first of its kind used for atmospherie measurements of T(z,f) iri UHECR 
experiment. The DN analysis provides eonsistent results for equidistant FD teleseopes. The DN 
analysis results are eonsistent with the LS analysis. The Raman LIDAR has been used to measure 
T(z,t) every night for a full year. A preliminary analysis of the Raman LIDAR has been used to 
obtain averaged monthly values of z{z,t). Ongoing studies will eontinue to evaluate the systematie 
uneertainties and possible physies implieations. 
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The data collected with the Pierre Auger Observatory have led to a number of surprising discov¬ 
eries. While a strong suppression of the particle flux at the highest energies has been established 
unambiguously, the dominant physics processes related to this suppression could not be identified. 
Within the energy range covered by fluorescence detector observations with sufficient statistics, 
an unexpected change of the depth of maximum distribution is found. Using LHC-tuned interac¬ 
tion models these observations can be understood as a correlated change of the fluxes of different 
mass groups. On the other hand, they could also indicate a change of hadronic interactions above 
the energy of the ankle. Complementing the water Cherenkov detectors of the surface array with 
scintillator detectors will, mainly through the determination of the muonic shower component, 
extend the composition sensitivity of the Auger Observatory into the flux suppression region. 
The upgrade of the Auger Observatory will allow us to estimate the primary mass of the highest 
energy cosmic rays on a shower-by-shower basis. In addition to measuring the mass composi¬ 
tion the upgrade will open the possibility to search for light primaries at the highest energies, 
to perform composition-selected anisotropy studies, and to search for new phenomena includ¬ 
ing unexpected changes of hadronic interactions. After introducing the physics motivation for 
upgrading the Auger Observatory the planned detector upgrade is presented. In the second part 
of the contribution the expected performance and improved physics sensitivity of the upgraded 
Auger Observatory are discussed. 
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1. Introduction 

Measurements of the Auger Observatory [1] have dramatically advanced our understanding of 
ultra-high energy cosmic rays (UHECRs). Particularly exciting is the observed behavior of the 
depth of shower maximum with energy, which changes in an unexpected, non-trivial way. Around 
3xl0^^eV it shows a distinct change of slope with energy, and the shower-to-shower variance 
decreases [2]. Interpreted with the leading LHC-tuned shower models, this implies a gradual shift 
to a heavier composition [3]. A number of fundamentally different astrophysical model scenarios 
have been developed to describe this evolution, see, for example, [4-8]. The high degree of isotropy 
observed in numerous tests of the small-scale angular distribution of UHECRs above 4x 10^^ eV is 
remarkable [9], challenging original expectations that assumed only a few cosmic ray sources with 
a light composition at the highest energies. Interestingly, the largest departures from isotropy are 
observed for cosmic rays with E > 5.8xl0^^eV in ~20° sky windows [9,10]. 

Due to a duty cycle of ~ 15% of the fluorescence telescopes, the data on the depth of shower 
maximum extend only up to the flux suppression region, i.e., 4xl0^^eV. Obtaining more infor¬ 
mation on the composition of cosmic rays at higher energies is of central importance for making 
further progress in understanding UHECRs. Care must be taken, since precision Auger measure¬ 
ments of shower properties, strongly constrained by the hybrid data, have revealed inconsistencies 
within present shower models, opening the possibility that the unexpected behavior is due to new 
hadronic interaction physics at energy scales beyond the reach of the LHC. 

The aim of the upgrade of the Auger Observatory, collectively dubbed AugerPrime, is to pro¬ 
vide additional measurements of composition-sensitive observables to allow us to address the fol¬ 
lowing questions: (i) Elucidate the mass composition and the origin of the flux suppression at the 
highest energies, i.e., the differentiation between the energy loss effects due to propagation, and 
the maximum energy of particles injected by astrophysical sources, (ii) Search for a flux contribu¬ 
tion of protons up to the highest energies. We aim to reach a sensitivity to a contribution as small 
as 10% in the flux suppression region. The measurement of the fraction of protons is the deci¬ 
sive ingredient for estimating the physics potential of existing and future cosmic ray, neutrino, and 
gamma-ray detectors; thus prospects for proton astronomy with future detectors will be clarified. 
Moreover, the flux of secondary gamma rays and neutrinos due to proton energy loss processes 
will be predicted, (iii) Study extensive air showers and hadronic multiparticle production. This 
will include the exploration of fundamental particle physics at energies beyond those accessible 
at terrestrial accelerators, and the derivation of constraints on new physics phenomena, such as 
Lorentz invariance violation or extra dimensions. 

The needed composition-sensitive information can be obtained by upgrading the Auger Ob¬ 
servatory. In Sec. 2 a brief overview of the planned hardware upgrades is given, focusing on new 
scintillation detectors. The expected physics performance reached with the upgraded Observatory 
is illustrated in Sec. 3 using detailed simulations of different composition scenarios. 

2. Planned upgrade 

The key element of the upgrade will be the installation of a new detector consisting of a plastic 
scintillator plane above each of the existing water-Cherenkov detectors (WCD). This scintillation 
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Figure 1: Left panel; 3D view of a SSD mounted on a WCD. A double roof, with the upper layer being 
corrugated aluminum (here shown partially cut away for clarity), is used to reduce the temperature variations. 
Right panel; MIP histogram taken with a 2m^ prototype installed in the Auger array. The data correspond 
to one minute of data taking and are well reproduced by the detector simulation based on Geant 4. 


detector will provide a complementary measurement of the shower particles: they will be sampled 
with two detectors having different responses to muons and electromagnetic particles, allowing the 
reconstruction of the different components. The design of the surface scintillator detectors (SSD) 
is simple, reliable and they can be easily deployed over the full 3000 km^ area of the overall Auger 
Surface Detector (SD). An SSD unit will consist of a box of 3.8 m x 1.3 m, housing two scintillator 
modules, each covering an area of 1.9m^, see Fig. 1 (left). The 1cm thick scintillators are read 
out by wavelength-shifting fibers guiding the light of the two modules to a PMT. The deviations 
from a uniform detector response over the area of the scintillator are smaller than 5%. The SSD is 
triggered by the larger WCD, resulting in a clean separation of the MIP signal from the background, 
see Fig. 1 (right). An engineering array of 10 detectors will be installed at the Auger site in 2016. 

The SD stations will be upgraded with new electronics that will process both WCD and SSD 
signals. Use of the new electronics also aims to increase the data quality (with faster sampling 
of ADC traces, better timing accuracy, increased dynamic range), to enhance the local trigger and 
processing capabilities (with a more powerful local station processor and FPGA) and to improve 
calibration and monitoring capabilities of the surface detector stations. The signals of the WCDs 
and SSDs will be sampled synchronously at a rate of 120 MHz (previously 40 MHz) and the GPS 
timing accuracy will be better than 5 ns. The dynamic range of the WCDs will be enhanced by a 
factor of 32 due to the new electronics and an additional small 1" PMT that will be inserted in one 
of the filling ports. Firsf profofypes of fhe new elecfronics have been builf and are being fesfed. 
Bofh fhe SSDs and fhe elecfronics upgrade can be easily deployed, and will have only minimal 
impacf on fhe confinuous dafa faking of fhe Observafory. 

A nefwork of underground muon defecfors, parf of fhe AMIGA [1,11] sysfem, is now being de¬ 
ployed in fhe exisfing SD infill area of 23.5km^. This will provide imporfanf direcf measuremenfs 
of fhe shower muon confenf and ifs lime slrucfure, while serving as verificalion and fine-luning of 
fhe mefhods used fo exfracf muon information wifh fhe SSD and WCD measuremenfs. 

In parallel wifh fhe SD upgrade, fhe operafion mode of fhe Fluorescence Defector (FD) [12] 
will be changed fo exfend measuremenfs info periods wifh higher nighl sky background. This will 
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allow an increase of about 50% in the current duty cycle of the FD. 


3. Expected physics performance 


In the following we consider different levels of complexity of the information derived from 
shower data. We first discuss the reconstruction of the muonic shower component, then show the 
discrimination power for different primary particles, and finally analyze Monfe Carlo generafed 
event samples to test the sensitivity to different physics scenarios. As a generic measure of dis¬ 
crimination power for separating primary i and j using the corresponding observables Si and Sj 
(with the RMS a) we use the merit factor 


/mf 




(3-1) 


3.1 Event based observables 
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Figure 2; Left panel; Reconstruction bias (solid symbols) and resolution (open symbols) of the muonic 
signal contribution for individual detector stations, as a function of distance r from the shower core. The 
results for proton and iron showers are shown in red and blue, respectively. Right panel; Number of muons 
Nyi reconstructed for individual showers using shower universality, compared with the trae N^i as a function 
of energy for different primary species. Error bars represent the RMS of the distributions. 


The least model-dependent and most direct composition-sensitive observable that can be ob¬ 
tained from the upgraded detector array is the number of muons (or, equivalent to it, the muonic 
signal in the WCD) in individual detector stations. Thanks to the signal responses in the SSD 
(Sssd) and the WCD (S'wcd) to particles of the electromagnetic and muonic shower components, 
it is possible to derive the muonic signal S'^^wcd on a station-by-station basis, as described in [13], 
from 

5'/i,wcD = aS^cxi + (3.2) 

where the signals are measured in units of the response to a vertical equivalent muon (VEM) or 
minimum ionizing particle (MIP), respectively. The factors a and b are derived from detector simu¬ 
lation and have only a very weak dependence on the primary composition and lateral distance from 
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the shower core. Restricted by the limited size of an individual detector station, this method is sub¬ 
ject to large fluctuations and is only well suited for deriving mean muon numbers, see Fig. 2 (left). 

The performance of the reconstruction of the muonic signal is considerably improved by fitting 
a lateral distribution function (LDF) to the signals. Eq. 3.2 is then applied to the LDF values for the 
WCD and SSD to calculate the muonic signal at an 800m core distance, 5^(800). Reconstruction 
resolutions of the muonic signal of, for example, cr[5^ (800)]/(5^ (800)) « 22% for protons and 
a[5^(800) 1/(5'^(800)) ss 14% for iron are reached at E ss lO'^'^eV and d = 38°. Using 5^(800) 
as a composition estimator, the obtained merit factors for distinguishing between proton and iron 
primaries are above 1.5 at high shower energies {E > 10^^'^ eV) and small zenith angles. 

An analysis based on shower universality (see [14] and references therein), or a sophisticated 
multivariate analysis, allows one to correlate the detector signals at different lateral distances and 
also takes advantage of the arrival time (shower front curvature) and temporal structure of the 
signal measured in the detectors. We are working on developing a reconstruction using all these 
observables. Some first results are given in the following, but it should be kept in mind that the 
corresponding merit factors should be considered as lower limits to what will be reached after 
having a better understanding of the detectors. The universality-based reconstruction provides, in 
addition to the shower energy, the depth of shower maximum (mainly from the curvature of the 
shower front and the steepness of the lateral distribution) and the number of muons relative to the 
prediction of a reference model. The bias of the X^ax reconstruction is below 15 g/cm^ with a 
resolution improving from 40g/cm^ at 10^^ eV to 25 g/cm^ at 10^® eV. The corresponding results 
for the muon number reconstruction are shown in Fig. 2 (right). Of interest is also the energy 
resolution for the reconstruction which is about 10% at 10*^ eV down to 7% at lO^'^eV. Examples 
of merit factors obtained by combining the two observables are 1.54 (proton-iron), 0.41 (proton- 
helium), and 0.64 (nitrogen-iron), all calculated for 10*^ ^eV, zenith angles 0 < 60° and using 
QGSJet 11.04. 



Figure 3: Benchmark spectra chosen as representations of a maximum-rigidity scenario [4] (left panel) and 
one photo-disintegration scenario (right panel). The index of the injection energy spectram at the sources is 
about —1 (—2) for the maximum-rigidity (photo-disintegration) scenario - for details see [15]. The colors 
for the different mass groups are protons - blue, helium - gray, nitrogen - green, and iron - red. 


3.2 Application to physics goals 

Without knowing what composition to expect in the GZK suppression region it is difficult 
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to demonstrate the potential of AugerPrime. Therefore, we have chosen two physics motivated 
benchmark models [15] fitted to the Auger flux [16] and composition data [3] for E > 10^^’^eV, 
see Fig. 3, to illustrate the discrimination power of the additional information. Mock data sets 
were generated for these scenarios with a statistics corresponding to 7 years of data taking with 
AugerPrime. Only SD data are used in the reconstruction. 



19.8 20 18.8 19 19.2 19.4 19.6 19.8 20 19 19.2 19.4 19.6 19.8 20 

lg(E/eV) lg(E/eV) lg(E/eV) 


Figure 4: Reconstracted mean depth of shower maximum Amax (left) and its fluctuations (center), and the 
mean number of muons at 38° (right) using only SD data. Shown are the two scenarios; (1) maximum- 
rigidity model; (2) photo-disintegration model. The (T(Aniax) contains the intrinsic air-shower fluctuations 
and the detector resolution. The number of muons is given relative to that expected for an equal mix of 
p-He-CNO-Fe as primary particles. 

The mean A^ax. <7(Amax)> and the relative muon number are shown in Fig. 4. The CJ(Amax) 
contains the intrinsic air-shower fluctuations and the reconstruction resolution. While the mean 
Amax> ct(Amax) and are very similar up to lO'^-^eV, the energy range that is well covered by 
data of the fluorescence felescopes [2], fhe models predicf significanlly differenl exfrapolafions 
info fhe GZK suppression region. This difference is well reproduced wifh fhe reconsfrucfed Amax^ 
<7(Amax) and 7?^ and fhe fwo scenarios can be distinguished wifh high significance and stafisfics. 

As a next step we want to illustrate the increased sensitivity of AugerPrime with a more spe¬ 
cific example. We use the arrival directions of the 454 measured events with 6 < 60° and energy 
higher than 4x 10^^ eV (see [9]) and randomly assign each event an A^ax value according to model 
1 (maximum-rigidity scenario). To implement a 10% proton contribution we assigned 10% of the 
events a proton-like A^ax- Half of these randomly chosen, proton-like events were given arrival 
directions that correlate with AGNs with a distance of less than 100Mpc of the Swift-BAT cata¬ 
log [17] within 3°. The other half were chosen with larger angular distances. By construction, this 
artificial dafa sef reproduces many arrival direction fealures found in fhe Auger dafa while af fhe 
same fime having a model-predicfed mass composifion. 

Analyzing fhis dafa sef wifhouf using any composition informalion, a correlafion wifh fhe 
AGNs of fhe Swifl-BAT cafalog is found af a level similar fo fhaf reported in [9]. The improve- 
menf of fhe sensifivify in finding fhe correlafion wifh AGNs in fhis dafa sef is shown in Fig. 5 for 
£■ > 4 X10*^ eV. The leff panel gives fhe resulf of fhe complefe dafa sef and fhe righf panel fhaf of a 
profon-emtched sample. The prolon-enriched sample is obfained by selecting evenfs wifh a recon- 
sfrucfed A^ax greater fhan 770g/cm^ af 10*^eV, adjusted fo fhe even! energies wifh an elongation 
rale of 55g/cm^ per decade. While fhe correlation of fhe arrival directions wifh fhaf of AGNs in 
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Figure 5: Angular correlation of cosmic rays of the modified Auger data set with AGNs of the Swift- 
BAT catalog [17]. Shown are distributions of relative excesses of pairs of events as a function of angular 
separation between them, for the complete data set (454 events, left) and the proton-enriched selection (128 
events, right). 


the Swift-BAT catalog is not significant for the complete data set, a correlation well in excess of 
3a can be found for the proton-enriched samples. 

In addition to these studies, the availability of muon information on an event-by-event basis 
allows for many ways of studying features of hadronic interactions. For example, the correlation 
between the number of muons and the depth of shower maximum can be used to study general 
features of muon production, including the search for exotic interaction scenarios at very high 
energy [18]. 

4. Conclusions 

The Auger upgrade promises high-quality future data, and real scope for new physics uses 
of existing events. With operation planned from 2018 until 2024, event statistics will more than 
double compared with the existing Auger data set, with the critical added advantage that every 
event will now have mass information. This will allow us to address some of the most pressing 
questions in UHECR physics, including that of the origin of the flux suppression, the prospects of 
light particle astronomy and secondary particle fluxes, and the possibility of new particle physics 
at extreme energies. 

Obtaining additional composition-sensitive information will not only help to better reconstruct 
the properties of the primary particles at the highest energies, but also improve the measurements 
in the important energy range just above the ankle. Furthermore, measurements with the new 
detectors will help to reduce systematic uncertainties related to modeling hadronic showers and 
to limitations of reconstruction algorithms. This improved knowledge of air-shower physics will 
likely then also allow a re-analysis of existing data - for improved energy assignments, for mass 
composition studies, and for photon and neutrino searches. 

Finally it should be mentioned that the addition of scintillator detectors across the entire Ob¬ 
servatory will also make possible direct comparisons of Auger measurements with those of the 
surface detectors of the Telescope Array experiment. This will strengthen the already productive 
cooperation between the two Collaborations, which has an aim of understanding the highest energy 
cosmic ray flux across the entire sky. 
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1. Introduction 

The Pierre Auger Observatory [1], located in the province of Mendoza in Argentina, is a 
hybrid detector covering 3000 km^ with 1660 surface stations (the surface detector, SD) and 27 
fluorescence telescopes (the Fluorescence Detector, FD). The SD stations are separated by 1.5 km, 
while the telescopes are split in four buildings at the edge of the surface array, and point towards 
the atmosphere and the centre of the array. Currently, the Auger Observatory is being upgraded 
and AMIGA is one of the enhancement projects [2]. 

AMIGA consists of 61 detector pairs, each composed of a surface water-Cherenkov detector 
(SD infill) and a buried 30 m^ Muon Counter (MC). The AMIGA MCs are arranged on a 750 m tri¬ 
angular grid to directly measure the muon content of showers with primary energies > 3 x lO'^ eV. 
The complete AMIGA array will cover an area of 23.5 km^ providing sufficient statistics given the 
higher rate of the sub-EeV showers. Important results on cosmic ray physics by means of muon de¬ 
tection techniques have been obtained previously by the Haverah Park [3], Akeno [4], Yakutsk [5] 
and AGASA experiments [6] and more recently by the KASCADE [7] and KASCADE-Grande [8] 
experiments. 

The Engineering Array of AMIGA, called the Unitary Cell (UC), is a hexagon in the Obser¬ 
vatory infill area (750 m spacing) with 2.3m-deep buried MCs at each hexagon vertex and at its 
centre (see Eig. 1). It has been completed since Eebruary 2015. Each of these 7 MCs is com¬ 
posed of 4 scintillation modules (SM), of either 2 x 5 m^ or 2 x 10 m^ area, comprising 64 
plastic scintillation bars sealed in a PVC casing, containing wavelength-shifting optical fibres, a 
64 multianode photomultiplier tube, and acquisition electronics. The light produced in these bars 
is collected and propagated along the fibres which couple to the multi-pixel PMTs. Segmenta¬ 
tion was selected since it permits the AMIGA counter electronics to just count pulses above a 
given threshold (see Sec. 3), without a detailed study of signal structure or peak amplitude/charge. 
In two UC positions, twin detec¬ 
tors are deployed consisting of four 
extra SMs at the KT position iden¬ 
tified in Eig. 1 and thi'ee 10 m^ ex¬ 
tra ones at the PC position. At 
the latter, there are also two ex¬ 
tra lOm^ SMs deployed at 1.3 m 
depth. There is a SM with 4 SiPMs 
installed so that in total there are 37 
deployed and working SMs. 

In this work we analyse the 
data set from the first two years 
of UC operation. We evaluate the 
response of the twin position at 
KT to assess the muon counting 
resolution of the MCs, and get a 
parametrisation that allows us to establish the counting uncertainty of single events. We find the 
scaling between the muon number at a reference distance from the shower core and the energy 


750m 



Figure 1: AMIGA Unitary Cell as of February 2015. The 5 
detectors at the KT and PC positions have been used for this anal¬ 
ysis. 
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of the primary cosmic ray, and we study the lateral distribution function (LDF) of the observed 
muons and obtain an effective value for its slope. This value can be used for single event fitting, 
leaving only the relevant composition-sensitive observable of the LDF, i.e. the number of muons at 
an optimal distance from the shower axis, to be determined from the fit. 

2. Design Considerations 

Having described the scintillator modules it is worth briefly describing the path followed by the 
light travelling through the optical fibre until the signal is processed by the Central Data Acquisition 
System (CDAS) at the Observatory campus. The 64 optical fibres are matched to a 64-pixel PMT 
through a custom-tailored optical alignment device. The PMT chosen is the Hamamatsu ultra bi- 
alkaline H8804-200MOD, a H7546 type PMT but with a different casing and an increased quantum 
efficiency peaking around 350 nm. 

The electronics of the MCs is split into two components, the underground electronics installed 
in each buried module and a reduced electronics at the surface. Both are powered by solar panels. 
The underground electronics includes the PMT, the front-end, digital, slow control, and power 
distribution boards and a data transmission unit. The surface electronics comprises an interface 
with the SD electronics (to get the trigger from the SD and to transfer muon data), the wireless 
communication to CDAS, the network switch, and the power regulator. The analogue front-end 
holds the pre-amplifiers and discriminators which are remotely set to an adjustable fraction of 
the average Single Photo Electron (SPE) amplitude of each PMT pixel. Thus, PMT pulses are 
converted into a train of digital O’s and I’s corresponding to the presence or absence of a signal 
above the aforementioned threshold. One bit per channel is saved in the front-end memory forming 
a 64-bit string. This conversion is performed in 3.125 ns time bins by a field-programmable gate 
array (EPGA). The memory consists of two circular buffers that store 2048 bins of 64 bits. These bit 
trains are stored following an SD trigger, recovered and transmitted upon a request from the CDAS. 
The MC event acquisition is synchronised at the lowest (hardware) level to the surface stations 
through a dedicated triggering line. The MC electronics maintains synchronisation, through a 
time-tagging scheme, mostly implemented in the EPGA. An event data trigger request, received by 
the surface radio, is sent from the surface to the underground microcontroller through an Ethernet 
line. The EPGA searches for the requested event and retrieves data. A counting strategy searches 
offline for the muon traces by inspecting the individual SPE signatures. As the vast majority of 
contaminating events produce only a sole SPE, by requiring at least a 1X1 string (with X either a 
1 or a 0) for a muon footprint, accidentals are removed. Consequently, most of the accidental data, 
such as crosstalk or thermal photoelectrons are discarded. Muons are counted in time windows of 
25 ns, the duration corresponding to the detector dead time given by the width of the muon pulse 
due to the scintillator and fibre decay times (for details on counting techniques and performance 
see [9]). 

3. Calibration Routine and Data Set 

Due to the one-bit electronics technique, the discriminator levels, set relative to the mean pixel 
SPE amplitude, play a major role. Setting them too high will cause a loss of counting efficiency 
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Figure 2: Background-radiation rates as a function of threshold, measured at KT for a 5 module. Also 
shown are fits to the plateau regions in red (dotted line at 5% below the maxima). (Left) PMTs were biased 
at 1000 V as of March 2015. (Right) PMTs were biased at 960 V in the previous period, the full line showing 
the 100 mV threshold fixed for all channels in the data set analysed in this work. 


since the digital output of the discriminator might be too short for the 3.125 ns sampling period. 
Too low thresholds might produce two or three adjacent positive digital samples (i.e. 1 ’s) for a SPE. 
The aim of the one-bit background-radiation calibration is to identify a feature (e.g. a plateau) in 
the behaviour of the rates as a function of the SPE threshold. Setting each individual threshold 
on its plateau will render a fully efficient detection system. The calibration induces the MCs to 
self-trigger which is not performed in the usual air-shower detection mode when the counters make 
use of their accompanying SD trigger. 

In Eig. 2 (left panel) we show a typical distribution of the background-radiation rate from a 
single channel of a 5 m^ module measured with its PMT biased at 1000 V. Each PMT was char¬ 
acterised prior to deployment with a mounted opto-electronics device. A plateau-like structure is 
clearly apparent within the range from 80-190 mV (i.e. ~25% to 45% of the SPE). In stable oper¬ 
ational mode, the pixel calibration is performed either to any given plateau maximum rate or to a 
SPE fraction level measured in the field in real lime. 

During Ihe period lhaf preceded Ihe implemenfalion of Ihis calibralion procedure, fhe UC was 
deployed and operated fo validale fhe muon detector design. The volfage al which Ihe deployed 
SMs were operafed was 960 V and wilh a uniform discriminalion level of 100 mV sef for every 
channel of every module. We performed a calibralion run al 960 V fo evaluale how Ihese fixed pa¬ 
rameters (high volfage and fhreshold level) are reflecled in fhe qualify of dala. There is a counling 
efficiency loss as fhresholds move away from fhe plaleaus and Ihis loss occurs more rapidly in fhe 
10 m^ modules. The loss of efficiency arises from fhe fad lhaf as we inspecf SPEs wilh higher 
fhresholds some are rejecled since eilher Ihey fall short of fhe fhreshold of fhe digilal discriminalor 
or fhe digilal signal is loo shorl for fhe 3.125 ns sampling period. So bolh lypes of modules are in 
principle affected by Ihis efficiency loss, bul fhe loss is more pronounced for fhe lOm^ module due 
to fhe reduced number of SPEs coming from fhe far end [10]. Also fhe plateau regions become nar¬ 
rower wilh lower PMT bias vollages, more evidenlly so for fhe 10 m^ modules. A uniform 100 mV 
fhreshold was found fo be essenlially working for fhe 5 m^ modules in fhe dala acquisilion period 
menlioned above, shown in Pig. 2 (righl panel). Therefore we will reslricl fhe analysis presenled 
in Ihis work only to Ihese modules. The complete dala sef considered in Ihis work comprises all 
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the cosmic ray events recorded during the first 20 months of the UC operation from March 2013, 
during the period previous to the implementation of the calibration routines. In this period six 5 m^ 
modules were operational: four in KT and two in PC. The UC has modules of two different sizes 
to study the counting efficiency and the saturation range with respect to the shower core position. 
AMIGA is designed to work with 30 m^ MCs divided in three 10 m^ modules. We combined the 
information of 2x5 m^ modules for each event, to analyse the muon counts for lOm^ of detection 
area. We added muon counts from the 5 m^ SMs at the KT South twin position, at the KT North 
twin, and at the PC South twin. In this way we performed our analyses over three independent 
10 m^ detection areas. The infill sfations provide the geometry and energy reconstruction of the 
cosmic showers, 1235 events with zenith angle up to 45°, with energies higher than 10^^ eV. Sta¬ 
tions at least at 200 m away from the shower core were considered. The reconstruction algorithm 
for the events triggering the infill array is based on the code for the regular surface detector array. 
After selecting the signals which are generated by air showers, the direction and the energy of the 
primary cosmic ray are deduced from the timing information and from the total recorded signal in 
the stations [1]. 

4. Detector Resolution 

As done to study the accuracy of the SD stations [11], the twin detectors can be used to study 
the fluctuations of the measured signals and preliminary results for the MC counting accuracy have 
been reported [10]. Having two detectors measuring basically the same spot on the shower allows 
us to estimate the signal fluctuation by analysing the difference of their signals for a given event. 
Considering that the separation between twin detectors is ~20 m, only AMIGA signals at least 
200 m away from the shower axis are considered. In this way we can assume that both detectors 
are measuring samples coming from the same muon density. 

The linear correlation between KT-North and KT-South is shown in Fig. 3 (left panel), where 
only events with at least 1 muon over a lOm^ area are considered. From the slope of the linear 
fit of 1.05 ±0.02, we can consider that the detectors respond in the same way for each event, a 
hypothesis needed to determine the resolution based on these data. 

For each event we construct the resolution estimator A based on the sample variance and mean, 
define as follows: A? = where and A are the variance and mean estimators respectively 

calculated from the number of measured muons by each twin. 

We extract the mean value of A^ within bins of average number of muons. In Fig. 3 (right 
panel), the values obtained from each A^ bin are displayed as a function of the muon count. For an 
ideal Poisson counter, the resolution should be The blue line is the fit of our model 

to the data. The muon detector resembles the ideal behaviour in this range of signals. From this 
analysis we can establish the counting uncertainty as a function of the number of counted muons 
as A2 {Nfi) = (0.8 ±0.2) 

5. Muon Lateral Distribution 

For studying the lateral distribution of muons we choose a KASCADE-Grande-like LDF [8], 
since we are also counting muons over lOm^ areas and the energy range of both experiments 
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Figure 3: (Left) Muon counting comparison between twin counters at KT for events with 0 < 45°, 
log(£’/eV) > 17.0, at least 200m from the shower core, and at least 1 muon over the 10m^ area con¬ 
sidered. (Right) Parametrisation of the muon counting resolution. The fitted model is displayed by the blue 
line. 


overlaps. This is given by 


Ng{r,E) 

/p W 


No{E)-f^{r)/f^{ro) 




(5.1) 


where a = 1, 7 = 1.85 and r* = 150 m are fixed parameters from Monte Carlo simulations. 
No (E) = (ro = 450m,£■) is the number of muons at the optimal distance from the shower axis. 
At ro, the fluctuations of the LDF fit are minimised, this distance being mostly determined by the 
spacing between the detectors [12]. We analyse the data set for getting an effective value for the 
slope j3 instead of using a simulation-driven result, leaving only the composition-sensitive param¬ 
eter No to be fitted for each event. 

The method of finding an effective j3 has two iterations. Firstly, we determine No{E), i.e. we 
study the relation between the number of muons at the optimal distance and the energy. Secondly, 
we use this relation to normalise each event and, in this way, we are able to fit (r) of eq. 5.1 to 
all the events together and get an effective value of jS as a result. 

The relation between No and E is derived from a subset of events for which the highest SD 
signal is found within the UC. We defined a Lateral Trigger Probability (LTP) for the muon de¬ 
tector, and demand LTP > 90% at 450 m from the shower core, which implies an energy cut of 
E > 10^’’^ eV. Above this energy threshold the trigger efficiency of the infill is > 90%. We define 
the LTP at different core distances in the range of 200-1000 m. Trigger probabilities are also ob¬ 
tained within energy bins. For a fixed energy range, we calculate in distance range the ratio of the 
number of muon counters with at least 1 count to the total number of muon counters that received 
an SD trigger. Uncertainties in the trigger probability are given by the binomial error. As already 
mentioned, we are only considering three independent 10 m^ muon-detection areas as muon coun¬ 
ters in this work (see Sec. 3). In Fig. 4 (left panel) the muon trigger probability is shown for several 
energy ranges as a function of the distance to the shower axis. 
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Figure 4: (Left) Muon counter lateral trigger probability as a function of distance from the shower core, for 
different energy ranges in log [E/eV). (Right) Determination of No (E) with 100 selected events from muon 
counters within a distance (450 ± 25) m from the shower core, and trigger probability higher than 90%. 



logio(r/m) 



Figure 5; (Left) Muon lateral distribution for normalised data; an effective value for the slope j3 is found 
and can be use for individual event fits. (Right) As a preliminary result, an LDF fit fixing p is shown for a 
IOI 8.3 gY event, where only No remains as a free parameter. 


The events shown in Fig. 4 (right panel) are fitted with the function, 

where A = (5.43 ± 0.66) and k = 0.82 ± 0.21. A general maximum-likelihood approach de¬ 
veloped in [13] is maximised to obtain the parameters. It is encouraging to note that the value of 
the scaling exponent k is in agreement within statistical uncertainties with the one found by Akeno 
for the conversion between the number of muons and the energy [4]. 

To determine an effective value for /3 we take a subset of events above the infill full efficiency, 
i.e. 10 ’^ ^ eV, and fhose muon defectors wifhin a core disfance for which fheir LTP > 90%. Each 
of fhe 389 inpufs of fhis subsef is normalised to No{E) of eq. 5.2 fhus eliminafing fhe energy 
dependence. In Fig. 5 (lefl panel) fhe normalised number of muons is shown as a funclion fo fhe 
shower axis. The subsef is fiffed wifh (r) of eq. 5.1 leading fo an effective value of j8 = 1.3 ± 0.1 
to be used for individual evenfs. In Fig. 5 (righf panel) we show an example of fhe applicafion of 
fhis value of jS on a single even! filling. The evenl has E = 10*^-^ eV, and only Nq remains as a free 
parameler. 
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6. Summary 

The Unitary Cell of AMIGA has been completed since February 2015. It includes 37 scin¬ 
tillator modules in a hexagonal layout. In this work, we analysed the muon data over the first 20 
months of operation. 

We showed a method for finding a paramefrisation of the muon counting resolution, to be used 
on an event by event basis, i.e. A? (N^) = (0.8 ± 0.2) The scintillation module response 

resembles that of a Poisson counter. 

Estimating the muon lateral trigger probability, we selected a fair sample for the parametrisa- 
tion of the number of muons over 10 m^ at the optimal distance for the shower axis, as a function of 
the energy of the primary cosmic ray particle. This relation allows us to normalise the muon data 
in order to obtain an LDF fit performed on an energy-independent data set. This method led us to 
a value for the slope j3 = 1.3 ± 0.1 to be used for single event fitting. 

Future work is needed that includes a more detailed comparison with results from previous 
experiments cited in the introduction. Such analysis will have to deal with the different conditions 
in which these results were found: different muon energy threshold, different lateral distribution 
and optimal distances, and different shielding. 
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1. Introduction 

The detection of ultra-high energy cosmic rays via short radio pulses that are emitted during 
the air shower development has become an active field of research in recent years [1, 2, 3,4, 5, 6,7]. 
One advantage of this technique is a detection of cosmic rays that is sensitive to the particle type at 
close to a 100% duty cycle. The potential for a large scale radio detector is currently being explored 
in several experiments. 

Much progress has been achieved in the understanding of the radio emission process. The 
dominant process is the geomagnetic emission that is due to the deflection of charged shower 
particles in the Earth’s magnetic field which is polarized in the direction of the Lorentz force that 
acts on the shower particles [1, 3, 8]. The second component is polarized radially with respect to the 
axis of the air shower and results from the negative charge excess in the shower front [9, 10, 11, 12]. 
Its relative strength is on average 14% at the Auger site for an air shower arriving perpendicular 
to the geomagnetic field [13]. The constructive and destructive interference of the two emission 
processes lead to a radial asymmetry of the lateral signal distribution function (LDF) [14, 15, 16] 
that can be modeled with a two-dimensional LDF [17, 18]. 

The Auger Engineering Radio Array (AERA) [19] at the Pierre Auger Observatory [20] is 
the world’s largest cosmic ray radio detector. In its latest stage of expansion, it consists of 153 
radio detector stations that cover an area of approximately 17km^. AERA can take advantage of 
the fluorescence and surface detectors (SD) of the Pierre Auger Observatory that provide well- 
calibrated energies and amval directions of the cosmic rays. The radio detector (RD) stations of 
AERA are located in an area of denser detector spacing of the SD array. This region, with SD 
station spacing of 0.75 km, allows the detection of cosmic ray energies down to about 0.1 EeV. 


2. Data selection and event reconstruction 

In this work we are using RD and SD data recorded between April 2011 and March 2013 
when AERA was operating in its first phase. In this phase, AERA consisted of 24 antenna stations 
with a spacing of 144 m. The stations are equipped with logarithmic-periodic dipole antennas and 
measure over a frequency range of 30 to 80 MHz [21]. We use only events that have been measured 
by the radio and surface detectors in coincidence. 

The raw data are reconstructed using the software framework Off line of the Pierre Auger 
Collaboration [22, 23]. We correct for the influence of the analog signal chain using the abso¬ 
lute calibration of the AERA station and reconstruct a three-dimensional electric field by using 
the direction of the shower and applying the simulated antenna response [21]. An example of a 
reconstructed electric field trace E{t) is shown in Fig. 1. 

We determine the energy density u of the incoming electromagnetic radio pulse at each radio 
station by calculating the time integral over the absolute value of the Poynting vector. We add up 
the square of the magnitude of the electric field trace in a time-window of 200ns {[t\f 2 ]) around 
the pulse maximum. The pulse maximum has been determined from the Hilbert envelope of the 
trace. We subtract the contribution of background noise (determined in the noise window [t 3 ,t 4 ]) 
under the assumption that the main contribution is white noise. The energy density u, in units of 
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Figure 1: Reconstructed electric field trace of one of the measured cosmic ray radio events. An upsampling 
by a factor of five was applied. The shown Hilbert envelope (dashed line) is the square root of the quadratic 
sum of the Hilbert envelopes of the three polarization components. 

eV/m^, is given by 

u = , ( 2 . 1 ) 

V n ,3 ) 

where Eq is the vacuum permittivity, c is the speed of light in vacuum, Af is the size of one time bin. 
To approximate the uncertainty the noise level is used. In addition, the amplification of the signal 
chain adds 5% uncertainty in u that is added in quadrature. 

We apply quality cuts on the data of the surface detector [24]. The most important cuts are 
that the core position be surrounded by a hexagon of active stations and that the zenith angle of 
the incoming direction be less than 55°. Furthermore, we require that the reconstructed incoming 
direction from the radio and the surface detectors agree within 20 °, that the event not be recorded 
during thunderstorms and we impose a cut on the measured polarization to efficiently reject noise 
pulses. 134 events remain after all cuts. 

3. Radiation energy and energy estimator 

To reconstruct the radiation energy, i.e., the energy that has been transferred from the cosmic 
ray into radiation in the 30 to 80 MHz regime, the energy density - measured at the individual 
radio stations - is interpolated spatially and integrated. We use a two-dimensional lateral signal 
distribution function that describes all main features seen in simulated and measured cosmic ray 
radio events [17]. We parametrize the function with four free pai'ameters, namely the amplitude 
A, the slope parameter a and the particle core position Fcoie- The remaining constants Cq — C 4 are 
estimated from Monte Carlo simulations for the AERA site (see Tab. 1). Thus we hnd 


u{r) = A 


exp 




— Co exp 



+ Core)^ 

(C3gC4C7)2 


(3.1) 


All coordinates are in the shower plane and r denotes the station position, is the unit vector 
pointing into the polaiization direction of the geomagnetic emission. The LDF is fitted to the data 
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Figure 2: Lateral signal distribution of an air shower with an energy of 0.65 EeV and arriving at a zenith 
angle of 21° and from 31° east of north. Left: Two dimensional distribution of the RD energy density in 
the shower plane. The coordinate origin is the RD shower core. The star indicates the SD core position. 
Circles and squares mark the positions of the radio stations. The color shows the measured energy den¬ 
sity. Stations with signal below threshold are marked with gray squares. The background map shows the 
LDF parametrization. Right: One-dimensional projection of the LDF. Blue squares show the measured en¬ 
ergy density and gray squares denote the sub-threshold stations. Gray circles denote the value of the LDF 
parametrization at the position of the measurement. The radial fall-off of the LDF along a line connecting 
the radio core position with each station position is shown as gray curves. Also shown are the residuals in 
units of the uncertainty of the measurement. 


using a chi-square minimization. In case of low station multiplicity, the particle core position is 
taken from the SD reconstruction, which enables us to also use events with signals in only three or 
four radio stations. After a quality cut on the LDF fit, 126 events remain. An example of one air 
shower of our data set is shown in Fig. 2. 

The radiation energy is the spatial integral of the LDF and will be given in units of eV. To obtain 
a cosmic ray energy estimator we correct for the different emission strengths at different angles a 
between the shower axis and the magnetic field by dividing the radiation energy by sin^ a: 

5radio = [ U{r) d^r = (a^ - CoCf , (3.2) 

sm a J sm a 

m2 

where denotes the shower plane. The formula is valid for values of a > 10°. For smaller 
values of a the geomagnetic emission is not the dominant contribution and the sin^ a correction 
becomes invalid. However, due to the reduced emission strength the number of detections for 
arrival directions within 10° of the geomagnetic axis is suppressed. In our data set all events have 
aiTival directions further away from the magnetic field axis. 

The dominant event by event uncertainties of the energy estimator are the uncertainty of the 
LDF fit, the antenna response pattern (10%) and the temperature dependence of the amplifiers 
(8%) that is not yet corrected for. The average fit uncertainty of i'radio is 46% and reduces to 24% 
in case of events with five or more stations with signal. The absolute scale uncertainty of the 
energy estimator is dominated by the absolute scale uncertainty of the antenna response pattern 
(25%) [21] and the analog signal chain (12%) and amounts to 28%. All uncertainties are added 
in quadrature. Please note that as the energy estimator scales quadratically with the cosmic ray 
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Figure 3: Correlation between the radio energy estimator 5radio and the cosmic ray energy measured with 
the surface detector. Green filled circles denote air showers where the core position has been determined 
in the radio LDF fit, i.e., all air showers with at least five stations with signal. Open circles denote events 
with less than five stations with signal which use the SD core position. The black line is the best fit of the 
calibration function. 

energy, the resulting uncertainty of the cosmic ray energy will be only half of the uncertainty of the 
energy estimator. 

The energy estimator Sradio is calibrated using air showers measured with AERA and the sur¬ 
face detector in coincidence. S'radio shows a clear correlation with the cosmic ray energy measured 
by the surface detector (cf. Fig. 3). The calibration function S'radio = A x 10^ eV (Eso/lO^^eV)® 
is obtained by maximizing a likelihood function that takes all measurement uncertainties, detec¬ 
tor efficiencies and the steeply falling energy spectrum into account. This method was previously 
used in [25, 26] and is documented in [27]. The result of the calibration fit is A = 1.58 ± 0.07 and 
B = 1.98 ±0.04. For a high quality subset of events with at least five radio stations with signal (47 
events) the fit gives a compatible result of A = 1.60 ± 0.08 and B = 1.99 ± 0.05. 

To estimate the energy resolution of AERA we subtract the known SD energy resolution from 
the scatter around the calibration curve, assuming that the energy estimators of the SD and RD are 
uncorrelated for a fixed cosmic ray energy. We find a resolufion of 22% for the full data set and 
17% for the high quality set. We also compare the observed and the expected scatter that can be 
calculated from the likelihood function and the uncertainties of the SD energy estimator and Sradio 
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discussed above and we find that the observed scatter is compatible with our expectation. As the 
radio energy estimator is calibrated with SD data, we inherit the systematic uncertainty of the SD 
energy scale. It is 14% at energies > 10^^ eV [28] and increases to 16% at 10*^-^ eV. 

4. The energy content of extensive air showers in the radio frequency range of 30 to 
80 MHz 

We can generalize our results to other locations by normalizing the calibration function to the 
local magnetic field. Then, we can predict the radiation energy in the frequency range of 30 to 
80 MHz by 

/ ]7 Bn ■,u\^ 

£3o-80MHz = (15.8±0.7(stat)±6.7(sys))MeV , (4.1) 

where E is the cosmic ray energy, Bearth denotes the local magnetic field strength and 0.24 G is 
the magnetic field strength at the AERA site. We found that it is sufficient to correct only for 
the dominant geomagnetic emission process. However, this formula will become invalid for radio 
detectors at high altitudes because the amount of radiation energy decreases as - depending on the 
zenith angle - a significant part of the air shower is clipped away at the ground. 

The direct measurement of the radiation energy holds further potential for a precise determina¬ 
tion of the cosmic ray energy scale. Radio emission originates only from the electromagnetic part 
of an air shower. Therefore, the radiation energy can be predicted by Monte Carlo simulations from 
first principles [16, 29], as the emission arises from the acceleration/deceleration of charges which 
is described by classical electrodynamics [30]. In addition, no relevant propagation uncertainties 
aiise as the atmosphere is transparent for radio emission. Then, in turn, the energy scale of the 
radio detector can be propagated to the other detection techniques. 

5. Conclusions 

We have presented a direct measurement of the radiation energy of an extensive air shower 
in the 30 to 80 MHz regime. The AERA radio stations are well calibrated which enables the 
reconstruction of the energy density of the radio pulse at each detector position. The radiation 
energy is then the integral of the two-dimensional lateral signal distribution function that is fitted to 
the data. We measure 15.8 MeV of radiation energy for a 1 EeV cosmic ray arriving perpendicular 
to the local magnetic field. 

As a cosmic ray energy estimator we use this radiation energy corrected for different emission 
strengths at different angles between the shower axis and the geomagnetic field. We calibrate the 
energy estimator using the reconstructed energy from the surface detector of the Pierre Auger Ob¬ 
servatory and find that the radio energy estimator scales quadratically with the cosmic ray energy. 
We analyze the scatter around the calibration and find an energy resolution of the radio detector of 
22%. The resolution improves to 17% for a high quality subset of the data where only events with 
at least five radio stations with signal are used. 

We generalize our result by normalizing the calibration function to the local magnetic field 
strength at the Auger site. This leads to a universal prediction of the radiation energy that can be 
used at any location. 
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Table 1: Parameters Co - C 4 of Eq. (3.1). C 3 = 16.25m and C 4 = 0.0079m ^ The zenith angle dependent 
values used to predict the emission pattern are given for zenith angle bins up to 60°. 


zenith angle 

Co 

Ci[m] 

C2[m] 

0 

0 

1 

0 

0 

0.41 

8.0±0.3 

-21.2±0.4 

10°-20° 

0.41 

10.0±0.4 

-23.1 ±0.4 

20° - 30° 

0.41 

12.0±0.3 

-25.5 ±0.3 

30°-40° 

0.41 

20.0 ±0.4 

-32.0±0.6 

40° - 50° 

0.46 

25.1 ±0.9 

-34.5 ±0.7 

0 

0 

1 

0 

0 

0.71 

27.3 ±1.0 

-9.8 ±1.5 
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1. Introduction 

The water-Cherenkov detector (WCD) is the main building block of the Surface Detector (SD) 
of the Pierre Auger Observatory. The WCD samples the shower charged particles that arrive at 
ground [1]. Through the number of particles that reach each SD station and their arrival times it 
is possible to infer the nature and arrival direction of the primary cosmic ray which initiated the 
extensive air shower (EAS). Moreover, using sophisticated analyses that explore the WCD response 
to different shower components, it is also possible to assess the EAS muon content, an important 
quantity to evaluate our current understanding of the shower description. Naturally, these analyses 
require a deep understanding of the detectors. 

In this work, which extends the measurements performed in Orsay with a test WCD equipped 
with scintillators [2], we aim to improve the understanding of the parameters governing the light 
propagation inside the WCD, namely the light reflection and absorption. Eor that, a hodoscope was 
mounted, enabling the selection of particular particle trajectories inside the WCD. 

The detailed information from these measurements can be used to fine-tune the simulation of 
the detector and contribute to a reduction of the present systematic uncertainties deriving from the 
optical properties of the WCD. 


2. Description of the experimental apparatus 

The SD [1] is composed of an array of WCD which are molded plastic containers (tanks) with 
a sealed liner filled with purified water. The inner side of the liner is surfaced with Ty vek® to reflect 
the light generated in the water by the Cherenkov effect of the crossing relativistic particles. At its 
top, thi'ee PMTs are installed by means of transparent plastic windows. A detailed description of 
the WCD can be found in [3]. The Gianni Navarra detector, the focus of this work, is a test WCD 
located in the Malargiie central campus and thus disconnected from the actual SD. 

Resistive Plate Chambers (RPCs) are gaseous detectors capable of achieving very high detec¬ 
tion efficiency and high timing accuracy. The RPCs are made of a sensitive gas volume, where 
the primary ionization and avalanche multiplication occurs, and by a signal pickup module. The 
pickup is segmented into 64 pads (~15 x 19cm^ each), allowing the estimation of the active re¬ 
gion. A review of RPCs and their principle of operation can be found in [4, 5]. The detectors used 
in the hodoscope are a result of a specific development of RPCs for the Pierre Auger Observatory 
[6, 7] that was focused on the operation of autonomous stations equipped with RPCs. As such it 
was necessary to develop RPCs with low gas consumption and simple electronics to meet stringent 
requirements on price and power consumption. 

The hodoscope is formed by two stand alone low gas flux RPC detectors with the testing 
WCD placed in between. A photograph of the setup is shown in fig. 1. The readout of the 
RPCs is segmented into small pads, which allows for an accurate reconstruction of the individual 
muon trajectories. The hodoscope is used to trigger and select single trajectory events in different 
geometries. Both RPCs are installed in moveable structures allowing for different configurations 
and hence probing different regions of angles of incidence. 
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3. Data Acquisition system 

The data acquisition (DAQ) system of the setup has two main components: the WCD DAQ and 
the hodoscope DAQ. The WCD DAQ uses the standard Surface Detector Electronics (SDE) [8]. 
The Gianni Navarra station is not included in the standard array and is, as such, not connected to the 
Central Data Acquisition System. Instead, the control and readout of the electronics is performed 
through a direct link to the console. The largest part of the event data consists of the traces of the 
three photomultipliers. Occasionally the station records calibration histograms that are computed 
internally using a dedicated self-trigger. These calibration data consist in the set of the distributions 
of the baseline and of the charge amplitude of single particles. 

The hodoscope electronics is based on a prototype discrete electronics system (PREC) devel¬ 
oped for the readout of the RPCs. The system uses an architecture with front-end boards and one 
motherboard. In the Eront End (EE), the signal from each pad is amplified and then a simple thresh¬ 
old is applied to perform a 1-bit digitization. These signals are then fed into a purely digital moth¬ 
erboard comprising 14 EPGAs (Eield-Programmable Gate Array) organized in a mother-daughters 
configuration. The communication between the mother EPGA and a PC is accomplished with an 
USB connection. Eor each acquired pad this scheme allows us to record whether there was a signal 
above the imposed threshold in a window of 1 p.s before the WCD trigger. 

Two types of trigger systems are used: the WCD-based trigger and the hodoscope-based trig¬ 
ger. The WCD-based trigger uses the SDE triggering system lowering the threshold to 0.2 VEM to 
catch signals as low as possible. A VEM is defined as fhe mosf probable value for the signal from 
a center going vertical muon. This SDE trigger was then fed to the PREC system to record the data 
from the hodoscope. Data synchronization was achieved by means of a global identifier generafed 
by the WCD electronics and communicated to the PREC using auxiliary digital data lines. Upon a 
trigger, the PREC electronics saves the data for all the pads. 

To increase the rate of events with particles crossing both the hodoscope and the WCD, a new 
triggering scheme was set up, based on the hodoscope signals and implemented in the motherboard. 
In short, one EPGA from the motherboard looks for a pattern where at least one pad on the top RPC 
and at least one pad on the bottom RPC were activated in a time window of 40 ns. The generated 
trigger is then sent internally into all EPGAs of the motherboard and also to the WCD, causing it 
to acquire the trace of the PMTs and to generate the event identifier. 


4. Dedicated simulation 

To assess the results obtained with the hodoscope, a dedicated simulation was developed. This 
simulation tries to reproduce the conditions at which the measurements were performed, accounting 
for geometrical and detector efficiencies. 

In order to use a realistic set of events, CORSIKA simulations of the atmospheric particles 
were run for the Malargiie site. The expected primary cosmic ray fluxes in the range energy 
log(£'/eV) E [11,15] and an isotropic arrival direction were considered in the simulation. 

The resulting energy distribution is shown in fig. 1 . The all-paiticle distribution is displayed 
by the black curve while the different components of the distribution are shown by the filled his- 
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tograms. It can be seen that the low energy region is dominated by photons while above a few GeV, 
only muons contribute. 




Figure 1: Left; photograph of the muon hodoscope setup at the Gianni Navarra WCD. Right: atmospheric 
particle energy spectrum used to produce the dedicated simulation. 


The simulated atmospheric particles are then injected into a simulation of the WCD+RPC 
setup using Geant 4. A detailed description of the RPC structure was implemented by taking 
advantage of the Geant 4 capabilities to describe complex geometries and the physical properties 
of the materials (fig. 2). 




Figure 2: Left; view of one of the RPC configurations as implemented in Geant4. Middle and right; top 
view of configuration 1 and 2 respectively (see text for details). 


The particle tracking in the WCD, the Cherenkov light generation and propagation is per¬ 
formed exactly in the same way as in the standard simulation of the WCD in the Auger Off line 
software [9]. The tracking in the RPCs enables the recording of the incoming particle position, 
direction and the time, as well as the ionizing energy deposited in the gas, which is then used to 
generate charge pulses. The electronic signals are then effectively simulated by a parameterisation. 


5. Acquired Data and Analysis 

The data presented in this work correspond to three experimental campaigns: in campaign 1 
the WCD trigger was used and the RPC were almost on top of one another allowing to study zenith 
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angles in ~ [0°,40°] ; in campaign 2 the RPCs were moved to cover zenith angles in ~ [20°,55°]; in 
campaign 3 the later RPC configuration was kept and the hodoscope-based trigger was used. The 
number of collected events in each campaign was, respectively, 1.2 x 10^ 2.3 X 10^ and 3.5 x 10^. 

The RPC data were analyzed with the goal of determining the trajectory of single atmospheric 
muons passing through the hodoscope by reconstructing the muon zenith and azimuth angles, as 
well as the muon tracklength (L) inside the WCD water. A three-step analysis was developed for 
this purpose. 

Firstly, noisy and dead RPC pads were identified and removed from the analysis. In fig. 3 fhe 
selected pads for the data analysis, for the third data collection campaign, are shown. 


Top RPC 




X-column 


Figure 3: Left and middle: scheme of the bottom and top RPC pads in experimental campaign 3. The pads 
with readout instrumentation are numbered and those that passed the selection cuts are shown in orange. 
Right: schematic view of a muon track going through the hodoscope mounted on the Gianni Navarra WCD. 

The second step of the data analysis is the event selection. Since the goal of this work is to 
study the WCD response as a function of the muon trajectory, the interesting events are those in 
which a single muon triggers the WCD and both RPCs. The event selection criteria are therefore 
to require one and only one hit in the top RPC and one and only one hit in the bottom RPC. This 
defines the "single-hit" selection. The contamination of the sample by random coincidences was 
studied and found to be only of a few percent, thus having a negligible impact on the results. 

In the third step the muon trajectory, shown schematically in fig. 3 (right), is reconstructed 
from the positions of the hit pads. 

The direction of the traversing particles is calculated from the center of the two activated pads. 
Since each pad has a finite area (~ 15 x 19 cm^) an uncertainty is introduced in the estimation of the 
geometry which is the solid angle subtended by the two pads. The resulting hodoscope resolution 
in terms of tracklength, zenith angle and azimuth angle is of the order of a centimeter, 1° and 2°, 
respectively for near vertical trajectories. 

Finally, the baseline, peak time-bin, current and charge for high gain traces of individual PMTs 
and for the total trace were estimated using standard analysis methods [10] of the Pierre Auger 
Collaboration. These quantities were studied as a function of the muon trajectory. 

The WCD calibration data were used to make the conversion from chai'ge (in integrated ADC 
counts) to signal in VEM units. The muon peak was fitted by adjusting Gaussian functions to the 
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calibration data to determine the position of the maximum and therefore to obtain the calibration 
constants, relating the charge in integrated ADC counts with the maximum of the muon peak 
that corresponds to 1.04 VEM [10]. While in campaigns 1 and 2 the calibration histograms were 
available and the above mentioned calibration procedure was followed, in campaign 3 they were 
not. In this case, the data were rescaled to the simulation value for L G [1.25,1.3] m. 

6. Preliminary Results 

The measured total signal distribution (charge distribution) upon applying the VEM calibration 
procedure is shown in fig. 4 (left). The red histogram is the signal distribution for all recorded 
events while the black one is the distribution after the single-hit selection cut. 




Figure 4; Left; charge distribution in data, before and after selecting single hit events; Right: charge 
distributions for single hit events in data and simulation. The number of simulated events was normalized to 
the number of acquired events. 

As a consequence of this cut, the electromagnetic component of the atmospheric particle flux 
is severely reduced. This leads to the disappearance of the first, low energy, peak shown in this plot, 
confirming the selection of muons. The events with high charge are characterized by having large 
tracklengths or/and high multiplicity. As the RPCs configuration limits the maximum tracklength, 
and the required multiplicity of the cut is 1, the tail at the right of this plot is also reduced. 

In fig. 4 (right), a comparison between data and simulation is shown for the total signal dis¬ 
tribution requiring single hit events. It can be seen that the histograms have a good qualitative 
agreement with both peaks close to 1 VEM. 

Eurther insight on the details of the WCD response can be gained by studying the dependency 
of the signal as a function of the muon tracklength (L) in the WCD. Eig. 5 shows the average trace 
for different ranges of L, showing as expected an increase of the signal amplitude with tracklength. 

In fig. 6 the dependency of the signal with L is shown. Data are plotted in black and simulation 
in blue. As expected, the signal increases as a function of the tracklength in the WCD. The experi¬ 
mental data are in agreement with the simulation to the few percent level. Moreover, the geometry 
of the selected tracks introduces some structures that are well described by the simulation. 

7. Summary and Prospects 

In this work, we reported on the hodoscope system installed at the Gianni Navarra WCD for 
the detailed study of the detector response to individual muons traversing the WCD. We focus on 
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Figure 5: Average trace (PMTs 2 and 3) for a few selected tracklength intervals. 

the setup, the simulation and the results from the first collected data. The system is comprised of a 
hodoscope realized with RPCs that is able to tag single muon events and to estimate the trajectory, 
namely the tracklength in the WCD, with an accuracy of a few cm. A dedicated simulation was 
developed to take into account not only the geometry of the setup but also a realistic flux of atmo¬ 
spheric particles. The signal evolution with the tracklength behaves as expected when compared to 
the simulation. A maximum deviation of ~2% was found for the acquired data, showing that the 
simulation correctly describes the tank response. 

In the future we foresee making several upgrades to the setup in order to stabilize and enhance 
its acquisition capabilities. The most important upgrade will be a change in the mechanical setup 
that will allow us to rotate the RPCs and increase the limit in the zenith angle up to almost 90°. 
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Figure 6: Peak of the charge distribution as a function of the muon tracklength in the WCD water, for the 
total PMT signal (top left) and for individual PMTs in campaign 3. Data were rescaled to the simulation 
value for L S [1.25,1.3] m. The ratio between simulation and data is also shown at the bottom. 
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The quality of the physics results, derived from the analysis of the data collected at the Pierre 
Auger Observatory depends heavily on the calibration and monitoring of the components of the 
detectors. It is crucial to maintain a database containing complete information on the absolute 
calibration of all photomultipliers and their time evolution. The low rate of the physics events 
implies that the analysis will have to be made over a long period of operation. This requirement 
imposes a very organized and reliable data storage and data management strategy, in order to 
guarantee correct data preservation and high data quality. The Fluorescence Detector (FD) 
consists of 27 telescopes with about 12,000 phototubes which have to be calibrated periodically. 
A special absolute calibration system is used. It is based on a calibrated light source with a 
diffusive screen, uniformly illuminating photomultipliers of the camera. This absolute 
calibration is perfonned every few years, as its use is not compatible with the operation of the 
detector. To monitor the stability and the time behavior, another light source system operates 
every night of data taking. This relative calibration procedure yields more than 2x1 O'* raw files 
each year, about 1 TByte/year. In this paper we describe a new web-interfaced database 
architecture to manage, store, produce and analyse FD calibration data. It contains the 
configuration and operating parameters of the detectors at each instant and other relevant 
functional parameters that are needed for the analysis or to monitor possible instabilities, used 
for the early discovery of malfunctioning components. Based on over 10 years of operation, we 
present results on the long term performance of FD and its dependence on environmental 
variables. We also report on a check of the absolute calibration values by analysing the signals 
left by stars traversing the FD field of view. 
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1. Introduction 


The quality of the physics results, derived from the analysis of the data collected at the Pierre 
Auger Observatory depends heavily on the calibration and monitoring of the components of the 
detectors. The low rate of the physics events implies that the analysis will have to be made over a long 
period of operation. This requirement imposes a very organized and reliable data storage and data 
management strategy, in order to guarantee correct data preservation and high data quality. The 
Fluorescence Detector (FD) consists of 27 telescopes with about 12,000 phototubes which have to be 
calibrated periodically [1]. The 27 telescopes are located in five different sites, i.e. Los Leones, Los 
Morados, Lama Amarilla, Coihueco and HEAT. The absolute calibration (Drum constants) is 
performed every few years, as its use is not compatible with the operation of the detector [2]. To 
monitor the stability and the time behaviour, another light source system operates (Led Control Unit, 
LCU) every night of data taking [1,2]. In this paper we present the structure and the performance of 
the Fluorescence Detector Database (FD-DB). 

2. The Fluorescence Detector Database Architecture 

2.1 The Data Base Structure 

The structure of the FD-DB prototype is shown in Fig.l. It consists of nine different databases, 
each one containing structurally homogeneous data. We have chosen this structure in order to 
optimize the management (updating, checks and display) of the data and reduce the load for the SQL 
Manager and improve the efficiency of the analysis applications, which operate on data that are 
essentially homogenous. Special care was taken to optimize the queries involving data that are 
resident in different databases. The data stored in each database are; 

• Global: Security data: user, password and access level. DB Manager Data: type and time of 
operation, user executing operation, path of log file and status of the operations. 

• PMTS: Production and acceptance test on all PMTs. Configuration of the 440 PMTs of each 
telescope, i.e. the position identified by its absolute geographical address, the serial number 
and the HV class. The history of the configuration of the 440 PMTs of each telescope. 
Information on maintenance actions performed on the telescopes: type of action (i.e. cleaning 
of the mirrors and filters, breakdown of some components and subsequent replacement etc.), 
and GPS time. 

• DB_Mirrors: Positions and reflectivity of the mirrors at different wavelengths for each 
camera. 

• RelCal: The time response of each PMT to the relative calibration operation (A, B and C 
type), the absolute geographical address, its value and error and the GPS time. Information on 
the time stability of the light sources (LED and Xe lamp), i.e. value, error and GPS time. 

• AbsCal: The nightly time response of each PMT to the absolute calibration, i.e. the absolute 
geographical address of the PMT, its response value and error and the time in GPS. Values 
calculated from RelCal values, ECU correction and Drum constants. 

• FDCalib: The selected nightly time response of each PMT to the absolute calibration, i.e. the 
absolute geographical address of the PMT, its response value and error and the time in GPS. 
This is the database used in the reconstruction of the air shower detected by FD. 

• Aux: Drum constants, telescope reference correction, reference night identification [2]. 

• Catalogue: The absolute path of the relative calibration raw files. 





DBS Web Interfaced 
for FD Data production, 
browsing and analysis 


Fig. 1: The structure ofFD-DB. 

• SlowControl: The time response of each PMT to exposure to the background sky light during 
data taking, i.e. the absolute geographical address of the PMT, its value and error and the GPS 
time. The time response of an external sensor to the background sky light during data taking, 
i.e. its value with error and GPS time. The time evolution of the status of the components of 
each detector: shutters open/close and GPS time, curtains open/close and GPS time, high 
voltage on/off and GPS time. The high voltage value with error and GPS time. The GPS time 
of sunset, sunrise, moonset, moonrise, twilight start and end time for each day. 

2.2 The Data structure 

In order to monitor the status and the correct operation of the Fluorescence Detector, we perform 
several systematic measurements which are stored in FD-DB. Most of these data are time dependent 
so it is easy to find a common structure to collect, store and manage them. This introduces some 
complexity in the management and in the data presentation. It is possible to divide these data into two 
classes: 

Constants: Production and acceptance test of the PMT’s, characteristics of the mirrors, FIV 
classes and all the other construction parameters. For this kind of data, a static architecture has been 
created as none of these is supposed to change or just minor maintenance variations are foreseen (i.e. 
the rare event of replacement of a PMT which is malfunctioning). 

Time-dependent: absolute, relative calibration and LCU values, building/ealibration-eondition 
monitoring quantities (i.e. internal temperature, sky light, etc.). The large amount of these data, 
diversity of sourees and the possibility to add new datasets has forced us to adopt a more flexible 
structure. We have fixed all the common values, like location, bay, calibration run number or GPS 
time, and used them as unique keys, to have easier aceess and readability for the graphie interfaces, 
that we use to show or find relations between different observables. 

The total number of records produced every year turns out to be about 50 million. By far the largest 
amount of data comes from critical, time-dependent quantities. 

2.3 Data Updating and Consistency 

We perform different procedures to put data into the DB, depending on sources, data type and 
datasets. Cross checks have been made on all raw data since the beginning to ensure data reliability 
and consistency and to find possible failures in the data taking process. 

Relative Calibration Data: We analyse the relative calibration raw files data to generate 
Relative Calibration constants. On the raw files some consistency filters are applied (calibration type, 
missing records, file size, record values). The files are then parsed and the relative calibration 
constants are stored into FD-DB tables with different flags, depending on the outcome of the analysis. 
This procedure is automated and it is performed via the web interface. Fig. 2. 
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Fig. 2: The automated procedure for the produetion of Relative Calibration. 


Nightly Absolute Calibration Data: We generate the Nightly Absolute Calibrations 
Constants. Some eonsistency filters are applied (missing records LCU values, reeord values). The 
values are stored into FD-DB tables with different flags, depending on the outcome of the analysis. 
This procedure is automated and it is performed via the web interfaee. The structure of this procedure 
is similar to those described above. 


Other Data:_The first step is to download data from web pages or archives managed by the 
Auger collaboration groups involved in the different activities of the experiment (i.e. Slow Control, 
hardware status, etc.). In some case a data reduction procedure is applied. An example is the 
background sky light. The measurement of this parameter is collected every five minutes, as it is 
important for monitoring the data aequisition and alerting against system malfunctioning; but such a 
frequent sampling rate is not useful (and would be a waste of disk space) for the off-line analysis. At 
present we have pre-processed baekground files, extracting a mean baekground sky light over an 
adjustable and reasonable time period and storing only this value. 

Except for the production procedure, the other datasets follow basically the same logical flow. 
Because of the different origins of data, they are both in text file or SQL format. The main reason of 
this is that the difficulty of building an effective distributed database has an incentive at selecting the 
best-suited ad-hoe solution, without struggling for harmonization and standardization. For the purpose 
of the present activity, we have used different tools to perform reliability cross checks. These can be 
summarized as follows: missing data; out of range data; orphan records (i.e. reeords without or with 
wrong connection keys); data without physical meaning. It is not always possible to reeover these 
problems by a simple remedy action. In this case, the “wrong” data are either removed during the 
upload process, discarding them, or marked by associating to them error codes, that allow their 
filtering at “query-level” by means of static or statistic filters (i.e. fixed range, standard deviation, 
etc.). We have decided to pre-proeess data in this preliminary phase to avoid filling database with too 
much information that is useful for on-line and real time system monitoring, but is completely useless 
and heavy for time behaviour analysis or long time displaying. 


3, Web Graphical Interface 

Associated to the FD-DB a Web graphical interface has been developed for a fast and easy 
access to the stored information. The structure of this interface is shown in Fig. 3. 
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Fig. 3: The structure of the Web Graphical Interface. 


FDPMTS: This section provides an intuitive interface to get information about FD telescope 
parameters. It is divided in two sections, the Mirror section containing information on the position and 
reflectivity of each single element of the mirrors and the Telescope section containing information on 
the PMTs and associated electronics. In the Telescope section there are two global views that display 
the installation status and high-voltage classes. It is foreseen to choose mirror and single PMT to have 
a detailed report on the PMTs position, production parameters, operation time and history and two 
graphs displaying the time evolution of Absolute and Relative Calibrations. 

CalibrationConstants: This section provides some graphical representations of the Selected 
Absolute Calibration data. It is possible to have a global view where all the telescopes are displayed in 
the same page. It is also possible to display a single telescope page where, at a given time, the 
absolute calibration data are presented on the telescope picture with colour code and on an values 
histogram. For each pixel, a graph of the time dependence is also available. This section contains also 
a useful analysis tool where it is possible to create images of each camera applying filters on pixel 
position or values. This option gives the possibility of identifying malfunctioning sectors or single 
pixels. This is very helpful to debug the raw data. Fig. 4a shows the page containing information on 
the data of the Absolute Calibration done on 26 July 2014 for Los Leones Telescope 4. The space 
distribution over the camera and the histogram showing the distribution of the measured values are 
presented. 

CalibrationDisplay: This is the most powerful and complex database interface. It contains the 
display, the production tools and the analysis tools for the Relative and Absolute Calibration data. 
Most of these features are public but some, like data manipulation and DB management are password 
protected. This interface contains a summary page that shows all the calibrations performed on each 
telescope with statistics on production progress and failures. It is possible to have details on a single 
calibration, an analysis section that provides time plot of calibration values, data fitting, data 
manipulation, a Bad night page that contains analysis tools for “warning” and “bad” configurations, a 
telescope functioning monitor where several parameters are displayed as camera temperature, shutters 
status, sky light background and astronomical data and DB management section where some loading, 
checking and data handling utilities are stored. Fig. 4b shows the page containing information on the 
time behaviour (2004-2015) of the mean value (averaged over all pixels) of the Absolute Calibration 
data and the internal temperature values for Coihueco telescope 5. 









































Fig. 4: a) Some information on the 26 July 2014 Absolute Calibration for teleseope 4 of Los Leones 
and b) The time evolution of the Relative Calibration and Temperature for teleseope 5 of Coihueco. 
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Fig. 5: The Relative Calibrations performed on 21 August 2014 on Coihueco Telescope 2 (in orange) 
and the prediction of RC model (in blue). 7'mir(t) is the internal temperature and FBG(t) is the sky 
background. 


4, Data Base Functionality and Performance 

We show the results of some studies performed on the data stored in FD-DB. The aim is to 
show the functionality of the database in realistic situations of use. The analysis requires the display, 
handling and elaboration of a large amount of data. We have set as a condition that they should be 
performed online and in real time. These are strong requirements, which indicates a good functionality 
of FD-DB. 


4.1 Short Time Response of the Fluorescence Detector 

This study could be done only after having developed a powerful DB system coupled with a 
graphical high-level real-time interface. The graphical interface allows visualization and handling of 
all data describing the physical observables which are relevant for the calibrations. A module that 
allows numerical solutions of differential equations is associated to the database. It turns out that the 
time behaviour of the response of the telescopes as measured by the Relative Calibration is very 
complex. To understand the time behaviour we have constructed a model for short time behaviour 
assuming that the cameras behave as a RC circuit. In Fig. 5 the qualitative agreement between 
Relative Calibration Data and the model is shown. This is a strong evidence for a temperature and sky 
exposure dependence of the short time response of the FD. 

4.2 Long Time Response of the Fluorescence Detector 

Based on over 10 years of operation in Fig. 6 we show the long term time behaviour of the 
average absolute calibration, done over the 440 pixels, for Los Leones telescope 4. This analysis is 
systematically performed on all the telescopes with the scope of monitoring their stability. The 
behaviour of the telescope is characterized by an initial drift (2004-2007) and by seasonal oscillation, 
due to dependence of the response on temperature and light exposure, see Fig. 7. This long term 
analysis has been used to optimise the procedure of data-taking improving the stability of the detector 
and its expected time-life. 
























































Fig. 6: The long term behaviour of the average, over the 440 pixels, of the absolute calibration for Los 
Leones telescope 4 based over 10 years of operation. 



Fig. 7: a) The mean over month of average absolute calibration (in blue) and the mean over month of 
sky background (in black) in the 2004-2015 years, b) The absolute calibration - sky background 
correlation. 


Before parameter fitting Result after fitting 



Fig. 8: a) The flux measured and the one simulated without inclusion of the aerosol scattering in the 
atmosphere model; b) The result after the fitting procedure in which only the aerosol optical depth and 
a normalization factor are free to vary. Best fit result is shown and residuals after fitting. 

More strict prescriptions were systematically adopted at the beginning of 2009. Due to this the 
response of the telescopes is stable in the 2008-2015 period. 

5, Check of the absolute calibration using stars traversing the FD field of view 

In order to provide an independent verification of the FD absolute calibration status, a 
procedure has been developed based on the signals generated by reference stars crossing the field of 
view of the FD. Without requiring any dedicated hardware device, and without any interference with 
normal telescope operations, the method provides a simple way to verify the long-term stability of FD 
[3]. The absolute calibration of a telescope can be verified by observations of non-variable stars 
whose absolutely calibrated spectral distribution is known. The primary reference star for absolute 
astronomical photometry is Vega (a Lyr), which has repeatedly been calibrated against terrestrial 
standard sources [4], however, in the southern hemisphere Sirius (a CMa) is preferred to Vega since it 
can be observed at higher elevation angles and then with lower atmospheric attenuation. Both of these 
sources have recently been observed by the Space Telescope Imaging Spectrograph on board the 
Hubble Space Telescope with a spectral resolution of 0.25 nm and a stated absolute uncertainty of 1%. 






























The FD telescopes have a field of view of 30"x30° and point to the sky at an elevation angle of « 15° 
degrees and covering, with adjacent field of view, a total of 180° in azimuthal range. The three HEAT 
(High Elevation Auger Telescopes) telescopes point to the sky at an elevation angle of » 45 ° and are 
located at the Coihueco site. Given the position and orientation of the FD telescopes, any star is 
usually detected during the same night by two or more FD telescopes in overlapping or adjacent field 
of view; as example, Sirius crosses the field of view of three different FD telescopes, one of Loma 
Amarilla, and the other two of Coihueco site but pointing to the sky at different elevation angles. As a 
first step, we compare on a Eangley plot (Fig. 8a), the star fiux measured from the FD data to the star 

flux simulated without including the aerosol scattering in the atmosphere model as can be seen a 
part of the undulation in the curves corresponding to the star transit between adjacent pixels, the slope 
of the measured flux is much higher than the slope of the simulated curve, thus indicating the 
necessity to add a significant amount of aerosol absorption in the atmosphere model. Assuming the 
aerosol optical depth is independent from wavelength, it can be shown that the ratio between 
measured and simulated data is expected to be an exponential function exp (-Xaer X) as effectively 
observed. By fitting the ratio between measured and simulated flux we obtain the value of aerosol 
optical depth to be added to the atmosphere model and a multiplicative scaling factor to correct the 
normalization a new simulated curve is then computed and the procedure is eventually repeated, 
adjusting the two parameters until a good match between the simulated measured values is obtained. 
The final result of the iterative fitting process, showing the perfect match between measured and 
simulated curves. Fig. 8b, where also the best fit parameters are indicated. In this case, 
notwithstanding the quite high amount of aerosol scattering, the scaling factor is consistent, within a 
few % of statistical uncertainty, with a unitary value, thus indicating the excellent calibration status of 
this telescope. 

6, Conclusion 

We have described the architecture of FD-DB and all relevant data stored. The FD-DB 
architecture is at present still evolving and will be evolving in the future. The modular structure 
allows implementation of new and at present unforeseen features. The graphical interface is a very 
useful tool for the presentation of the data and for the study of the time dependence of the different 
parameters and their correlations. We have demonstrated that star signal extracted from the FD 
background data can be used to verify the FD absolute calibration. The method described is based on 
the capability of the FD to be sensitive to signals left by stars traversing the telescope field of view. 
Using the known absolutely calibrated spectra of reference stars, we compared expected value of 
photon flux to what the detector actually measures, correcting for the influence of the atmospheric 
transmission. We confirmed that the absolute calibration used for the FD telescopes does not have 
large systematic errors and is correct within its estimated error. 
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The Auger Engineering Radio Array (AERA) is an extension of the Pierre Auger Observatory. It 
is used to detect radio emission from extensive air showers in the 30 - 80 MHz frequency band. 
A focus of interest is the dependence of the radio emission on shower parameters such as the 
energy and the atmospheric depth of the shower maximum. After three phases of deployment, 
AERA now consists of 153 autonomous radio stations with different spacings, covering an area 
of about 17 km^. The size, station spacings, and geographic location at the same site or near other 
Auger extensions, are all targeted at cosmic ray energies above 10^^ eV. The array allows us to 
explore different technical schemes to measure the radio emission as well as to cross calibrate our 
measurements with the established baseline detectors of the Auger Observatory. We present the 
most recent technological developments and selected experimental results obtained with AERA. 


The 34th International Cosmic Ray Conference 
30 July - 6 August, 2015 
The Hague, The Netherlands 


* Speaker. 


(c) Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. 


http://www.auger.org 





Status and Prospects ofAERA 


Johannes Schulz 


1. Introduction 

The subject of radio detection of extensive air showers has developed rapidly over the last years 
[1]. The performance, in terms of energy and composition measurements, is quickly approaching 
a competitive level compared to the air-fluorescence technique [2, 3]. In terms of duty cycle, 
however, the radio technique is advantageous as the operation is only limited in case of strong 
atmospheric electric fields (e.g., during thunderstorms) which significantly affect the radio emission 
processes [4]. Therefore a duty cycle close to 100% can be obtained which is approximately seven 
times higher than that for air-fluorescence measurements that can only take place during clear 
moonless nights. 

By acquiring detailed information about the polarization of the radio pulses [5], an understanding 
of the two fundamental emission mechanisms, geomagnetic and charge excess emission, has been 
established. Together with the convergence between predictions of Monte Carlo simulation codes 
and the radio measurements [3], significant improvements were achieved in the parametrization 
of the lateral energy density distribution function [6, 7]. The shape of the radio wave front has 
been found to be hyperbolic [8, 9] and the shape of the measured pulses is also the subject of 
intense research [10]. With these developments, parameters which are sensitive to the air shower 
development (often characterized by the atmospheric depth of maximum shower development: 
Xmax) and to the properties of the initial cosmic ray have been identified. Their cross calibrations 
with established detection techniques can only be performed with hybrid detector systems. 

The Auger Engineering Radio Array is dedicated to multi-hybrid detections of cosmic rays at the 
Pierre Auger Observatory [11]. It is conveniently co-located within the low-energy enhancement 
AMIGA and the high elevation fluorescence telescopes (HEAT). AMIGA is an infill region of the 
surface detector array (SD) with a spacing of 750 m and six associated muon counters. HEAT is 
an extension of the fluorescence detector (ED) which has an elevated field of view. All together, 
four different detection techniques are used to detect the same showers which allows us to perform 
multi detector cross calibrations and analyses. In addition, the systems can trigger each other. 
This constellation provides unique and optimal conditions for cross calibrations, further technical 
developments and pathfinder studies for future large scale experiments. 

2. The Auger Engineering Radio Array 

The AERA project has been carried out in three phases. AERA24, an array of 24 radio de¬ 
tection stations (RDS) was deployed in September 2010 to prove the feasibility of radio-i-particle 
hybrid air shower measurements, to develop the techniques to reconstruct air shower parameters 
from the radio data and to investigate the radio emission mechanisms [2, 5]. In a second stage, 
leading to AERA124, 100 RDS were deployed with a modified design in May 2013. With different 
grid sizes (144 m, 250 m, 375 m), multiple improved hardware and trigger concepts and an in¬ 
strumented area of 6 km^, AERA 124 detected several thousand events per year. In the third stage, 
AERA153 covers about 17 km^ since April 2015, with 375 m and 750 m spacing between the ad¬ 
ditional RDS. The targets of this extension are mainly horizontal showers (> 60° zenith angle) with 
large scale radio footprints. The layout of AERA including all three stages is shown in figure 1 
together with the other co-located detector systems. 

The AERA24 stations are equipped with two logarithmic-periodic dipole antennas (EPDA) [12], 
oriented in magnetic North-South and East-West directions. The signals are amplified and filtered 
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Figure 1: Schematic overview of the Auger Engineering Radio Array and part of the surface detector array 
and AMIGA. One site of the fluorescence detector and the HEAT extension are also indicated with their field 
of view. The reference beacon for timing calibration is located at the ED site. 


before they are introduced into a filter-amplifier and digitization chain. There, they are band pass 
filtered between 30-80 MHz, digitized and further processed by a field programmable gate array 
(FPGA) and a central processing unit (CPU). This chain exists in various forms to test and opti¬ 
mize the technical realization of different detection strategies. For AERA24, two versions were 
deployed focusing on different triggering methods. One has a sampling rate of 180 MHz and fea¬ 
tures a 4 GB ring buffer which allows for external triggering by other detectors of the Pierre Auger 
Observatory. The other has a sampling rate of 200 MHz and is designed for self-triggering. In 
case of self-triggering, a first trigger decision can be made in the FPGA. This trigger information 
is then forwarded to the CPU where further processing and signal verification are done. Remaining 
triggers are GPS time stamped and sent to the central radio data acquisition system where all time 
stamps of triggered stations are processed. In case of coincidences between RDS, the data are read 
out, formed into an event and saved to disk. Data from externally triggered stations are directly 
saved to disk for offline analyses. The communication and data transfer of AERA24 is handled via 
optical fiber connections. The antenna type used for the new stations of AERA124 and AERA153 
is an active bowtie antenna also called "butterfly" [13, 12]. This antenna is highly sensitive towards 
the ground which enhances the antenna gain. The general layout of the digitizing chain is similar 
to the one used in AERA24. In total, 89 butterfly RDS are equipped with deeply buffering hard¬ 
ware and 40 butterfly RDS are employing internal triggering only. This internal trigger is based on 
radio self-triggering and on small scintillation counters in the electronics compartment of the radio 
station itself. The 40 internally triggered stations (see fig. 1) are currently not included in the data 
set presented here. Due to the increased size of the array, wireless links were introduced for the 
new stations. All 153 stations operate autonomously employing solar power systems. 

The AERA data are merged with data from the other detector systems and subsequently analyzed 
with the software package Offline including the dedicated extension for radio [14]. During the event 
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Figure 2: Skyplot of AERA+SD hybrid data. The 
star indicates the direction of the geomagnetic field. 
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Figure 3; Energy distribution of AERA+SD hybrid 
data measured with the surface detector array. 


reconstruction, the signals are corrected for the radio detector response and the time-dependent 
electric-field strength vector is calculated for further analyses. Shower parameters reconstructed 
with data from the other detector systems can be used as input during reconstruction. 

Great efforts were made to calibrate the different AERA stations to determine absolute signal re¬ 
sponse and relative timing. All components of the analog signal processing chain were calibrated 
individually before deployment. For the antennas, detailed electromagnetic simulations were per¬ 
formed and various airborne calibration campaigns were carried out on site to calibrate the direc¬ 
tion and frequency-dependent responses. The relative timing of the AERA stations is continuously 
monitored via their phase offset by measuring sine waves from a reference beacon [15]. The beacon 
is installed at the closest ED site and emits four precisely defined sine wave signals. Furthermore, 
signals from commercial aircrafts detected by the AERA stations are used to determine the timing. 
In combination, a precise timing calibration of about 2 ns is possible, whereas the station built-in 
GPS clocks exhibit drifts of tens of nanoseconds. Without precise timing information, analyses 
to determine the direction of the shower axis, interferometric approaches to enhance the detector 
sensitivity and analyses based on the radio wavefront would not be feasible. 

3. Data Set 

With AERA we have recorded a large radio data set of extensive air showers. Until the second 
of March 2015, more than 5500 air showers were detected by three or more antenna stations in 
coincidence with the surface detector array (AERA+SD hybrid events). The reconstructed arrival 
directions and the energy distribution as measured by the SD are shown in figures 2 and 3. During 
reconstrucfion a low level cut is made on a successfully reconstructed shower axis in agreement 
with the SD reconstruction within 20°. Most of the air showers are detected with 3 radio stations, 
but there are also air showers which are detected by more than 40 signal stations. During the sta¬ 
ble operation phase of AERA24, about 50 air showers were recorded with three or more RDS per 
month which has increased to about 250 air showers per month for AERA 124 after a short com¬ 
missioning phase. In addition, 324 air showers were simultaneously detected with the fluorescence 
detector (AERA+SD+FD hybrid events). For these events, X^ax is within the ED field of view and 
the measured profile allowed for an FD-based energy reconstruction. We also detected air showers 
in coincidence with the AMIGA muon counters. The data set contains 509 AERA+SD+AMIGA 
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Figure 4: An extensive air shower detected with four different detector systems simultaneously. Top left; 
Radio footprint projected into the shower plane represented by the energy density measured with AERA124 
and the fitted parametrization of the lateral distribution function (LDF) (background color). Top right; Lon¬ 
gitudinal shower development measured with the fluorescence detector. Bottom left; Footprint of the air 
shower as measured with the muon counter of AMIGA. Bottom right; Particle signal in the surface detector 
stations including the classical one dimensional LDF fit. 


hybrid events and 51 AERA-i-SD-i-FD-i-AMIGA hybrid events. An event display of a quadruple 
detection is shown in figure 4. For about 5% of the data set, increased atmospheric electric fields 
have been measured. These data will be treated separately in upcoming analyses. 

4. Status and Prospects on Multi-Hybrid Analyses 

The three main properties of a cosmic ray are arrival direction, energy and particle type. AFRA 
shows a sensitivity to all of these parameters which are discussed in the following. 

The direction of the cosmic ray is taken from the axis of the air shower. This axis can be re¬ 
constructed by minimizing the difference between measured time at the RDS positions and the 
predicted time assuming a wavefront model and varying the shower geometry. A good first order 
approximation of the wavefront is a plane wave. Studies on the angular resolution of AFRA are 
ongoing and only a comparison to the reconstructed axis from the SD can be given. The mean 
deviation between the two is 1.5° and the distribution can be fitted by a Rayleigh function with 
a=0.45°. 

The energy of the cosmic ray can be reconstructed from the radio signals by reconstructing the 
energy emitted in the measured radiation. Therefore, the electric field fraces are converted into the 
energy density of the electromagnetic wave via the Poynting vector. The measured energy density 
at all positions of the signal stations is fitted with a two dimensional lateral distribution function [6]. 
The spatial integral over this FDF gives the energy in 30-80 MHz radiation. The radiated energy is 
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Figure 5: Reconstructed X^ax value based on the fit quality of a set of CoREAS [16] simulations. Left; 
The two dimensional radio lateral distribution function. It displays the best fitting simulation (small circles) 
interpolated in the shower plane (background color map) as fitted to the energy densities measured by the 
AERA stations (colored circle), sub-threshold stations are additionally marked by a Right; Distribution 
of reduced values for the Xmax value of the individual simulations. The purple line is a parabolic fit to 
the distribution and the minimum is taken as the value of Xmax- The vertical lines indicate the reconstructed 
Xmax values from radio and ED together with the statistical uncertainties. 


calibrated against the energy reconstructed by the SD. With this method, a resolution of 22% is ob¬ 
tained for a low station multiplicity (<5 signal RDS) data set and 17% for a high station multiplicity 
set (>5 signal RDS), both based on AERA24 measurements [2]. The radiation energy is subject of 
ongoing work as it can be predicted by Monte Carlo simulations without being strongly influenced 
by the uncertainties of the hadronic interaction models. Therefore the energy scale of cosmic rays 
can be studied based on classical electrodynamics. Four main studies targeting the reconstruction 
of Xmax are being carried out on the AERA-i-SD-i-FD hybrid data set. They are aiming at radio 
parameters and their calibration against the ED measurements or using those as comparison. 

1. The width of the two dimensional EDF [7]. The further the emission region is away from the 
observer position, the larger the projection of the emission pattern gets. 

2. The shape of the radio wavefront [9, 17]. The precise appearance of the hyperbolic front is 
determined by the distance of the observer to the endpoint of the emission region. The closer this 
endpoint is to the observer, the more conical the wavefront gets. 

3. The signal pulse shape [10]. Depending on the path length differences for radiation from early 
and late parts of the air shower, the pulses broaden if the emission region is closer to the observer. 

4. The fourth study is targeting a combination of the parameters mentioned above by investigating 
the agreement between measurement and individual simulations of a set with various Xmax values 
customized for the measured direction and energy. Therefore, the method used in [3] is modified to 
be applicable to the AERA-i-SD hybrid data. Figure 5 displays an air shower radio footprint and the 
best fitting simulation. The simulations are performed with CoREAS [16] using antenna positions 
oriented on the displayed star pattern. The output is interpolated and fitted to the data by varying 
the core position and the overall scaling. Simulations with different Xmax values result in different 

values for the fit. The distribution of x^ values as a function of the Monte Carlo Xmax values is 
fitted with a parabola and the minimum is taken as the value of the reconstructed Xmax- 
Another interesting target for hybrid analyses are horizontal air showers as complementary infor- 
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Figure 6; Event display for a horizontal shower measured with AERA153. Left: Array plot, where the 
crosses indicate radio antenna stations and the circles indicate surface detector stations. The size of the 
circle is scaled with the measured particle signal. The color indicates the signal timing. The reconstructed 
direction based on the surface detector data is indicated by the line together with the core position (ellipse). 
Right: LDE in terms of maximum amplitude as function of the distance to the air shower axis. 


mation can be obtained from radio and particle detectors. As horizontal air showers experience 
a larger column density of atmosphere before reaching the observer, the electromagnetic part of 
the shower is already absorbed and only the muonic component is detected by particle detectors. 
The radiation produced in the air shower is not absorbed however and can be detected. Therefore, 
the muonic and the electromagnetic parts of the shower can be measured independently by radio 
and particle detectors. Furthermore, horizontal air showers are interesting as they have large radio 
footprints due to the large distance to the radio source and projection effects on ground. Therefore, 
inclined air showers can still be detected with a rather sparse radio detector array allowing for large 
scale observatories and high statistics, even at the highest energies. The extension performed from 
AERA124 to AERA153 is dedicated to measuring horizontal showers. An event display of an air 
shower detected with AERA153 is shown in figure 6. 44 RDS have measured a significant signal 
for this air shower with an energy of 1.3 x lO'^ eV and a zenith angle of 78°. 

5. Conclusions 

At the Pierre Auger Observatory radio emission from air showers is routinely measured si¬ 
multaneously with other shower observables. With the data of AERA124 already recorded, high 
statistics radio data are now available in coincidence with the surface detector array. More than 300 
air showers are also measured with the fluorescence detector. Combined, these data form the base 
for analyses targeting arrival direction, energy, and composition of the cosmic rays. The direction 
reconstruction is in good agreement with the surface detector reconstruction. We also developed 
a method for the energy reconstruction based on the measured energy density with a resolution of 
17%. Based on this method, the determination of the cosmic ray energy scale from first principles 
comes within reach. The mass determination is a target of intense research and various composi¬ 
tion sensitive par'ameters have been identified. The experimental calibration of these parameters is 
carried out against fluorescence detector data. Horizontal air showers are targeted with the third 
stage of AERA and events with more than 50 signal stations have already been detected. 
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1. Introduction 

The Pierre Auger Observatory [1] in Argentina is the largest cosmic-ray experiment in the 
world and in operation since 2004. Results from this observatory have shown that the spectrum of 
cosmic rays exhibits a suppression at about 50 EeV [2, 3]; that events with an energy larger than 
50 EeV show largest departure from anisotropy [4, 5] ; and that data are consistent with a gradual 
increase of the average mass of cosmic rays for energies above 59 EeV, at least [6]. Presently, the 
Observatory is initiating a program of upgrades to achieve a better mass sensitivity at the highest 
energies [7]. At the same time, the Telescope Array Collaboration, with an experiment located in 
the Northern Hemisphere, has also seen the suppression, but the composition inferred is interpreted 
as being in agreement with light mass primaries, and a large hotspot in the distribution of the 
arrival direction of the highest energy cosmic rays has been observed [8, 9, 10]. In coming years 
the Telescope Array will be enlarged in area by a factor of four to study this hotspot with better 
statistics. 

The findings of these two experiments define already some requirements for a next generation 
experiment: (i) To acquire sufficient statistics for the highest energies, a sensitive area of several 
tens of thousands of square kilometers is necessary, (ii) If it is true that a mixed composition around 
the suppression energy exists, an improved sensitivity to the elemental composition is required, 
(iii) Due to substantial structural differences with direction in the mass distribution of the nearby 
Universe, the full sky needs to be investigated with equally high quality. A comprehensive R&D 
study is needed to fulfill these requirements for the design of such a next generation cosmic-ray 
experiment. 

Eirst ideas are evaluated within the global cosmic-ray community towards such an observa¬ 
tory, i.e., GCOS, the "Global COSmic-ray observatory", is in discussion, where approximately 
90,000km^ shall be instrumented. GCOS will be organized in several arrays in a few countries of 
the Southern and Northern Hemisphere, respectively. These arrays need autonomous detectors with 
sophisticated features and monitoring modes to operate for ca. 30 years in a maintenance-free way. 
GCOS will have synergies with the high-energy neutrino detectors IceCube, KM3NeT and the 
gamma observatory CTA for complementary measurements needed to perform multi-messenger 
particle astronomy. A realization of GCOS at some time within the next decade needs efforts to 
commence immediately, including the development of new detection technologies. The AugerNext 
project as well as the intermediate step of upgrades of the Pierre Auger Observatory and of the 
Telescope Array experiment are preparatory work in this direction. AugerNext contributes to this 
process with the aim of performing innovative research studies, primarily at the Pierre Auger Ob¬ 
servatory, in order to prepare a proposal fulfilling the aforementioned demands. 

AugerNext is a project which was supported by 9 European funding agencies for three years 
from the end of 2011 to the end of 2014. The AStroParticle ERAnet (ASPERA) was a network of 
national European government agencies responsible for Astroparticle Physics [11] funded by the 
European Community. One element of ASPERA was to organize targeted R&D and design studies 
in view of the realization of future astroparticle infrastructures identified in the ASPERA/APPEC^ 
Roadmap (available at [11]), where the proposals should demonstrate a clear added value to the ap¬ 
plicants’ partnership over and above what could be achieved individually. Within the Pierre Auger 

* APPEC is the interest group of the Astroparticle Physics European Consortium [12]. 
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Work packages in AugerNext: 

A: Improvement of MHz measurements 
B: Measurement of GHz emission 
C: Improvement of Photodetection 
D: Improvement of data communication 
E: Improvement of muon measurements 
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Figure 1: Schematic view of the detection of extensive air showers with a Pierre Auger Observatory-like 
experiment and the connection of the work packages proposed in the AugerNext project. 

Collaboration a consortium was formed to propose studies for a next-generation cosmic-ray exper¬ 
iment and the utilization of new innovative detection methods. AugerNext aims to significantly 
strengthen R&D efforts in specific areas. Fig. 1 skefches fhe topics explored in fhe confexf of fhe 
exisfing Pierre Auger Observafory locafed in Argenfina. These fopics were chosen by available ex¬ 
pertise of fhe consortium parfners and are defined as work packages where specific five-year goals 
have been formulated, all of a highly innovafive characfer. The work will be confinued by supporf 
on an insfifufional level as besf as possible. 

2. The work packages and results so far 

(A) Investigation of MHz radio emission in air showers The general goal for fhe 5 year projecf 
was to esfablish fhe defection mefhod as a hybrid or even sfandalone technique, and in parficular 
to estimate fhe resolution and sensifivifies of fhe technique fo energy, mass, and arrival direcfion of 
fhe cosmic ray. The hope is fhaf radio can replace fhe fluorescence defecfion fechnique wifh similar 
reconsfrucfion qualify on primary parameters, buf wifh significanfly higher dufy cycle. Wifhin fhe 
AugerNexf projecf specific fopics have been worked on: 

1. A hybrid demonsfrafor was sef up (i.e., surface defecfor including infegrafed radio anfenna) 
for common frigger and combined analysis of fhe complemenfary informalion af individual 
surface defecfors. This approach named EASIER [13] could reveal lateral disfribufions of 
fhe radio signal wifh a very large disfance befween fhe antennas and could give fhe proof-of- 
concepf for fhe particle-radio hybrid technique. 

2. The Auger Engineering Radio Array (AERA) af fhe Pierre Auger Observatory has been 
sef up in order fo invesfigafe fhe radio signal from air showers in defail [16]. The radio 
emission gives informalion complemenfary to parlicle defecfors as fhe pure eleclromagnelic 
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Figure 2: Map of the Auger Engineering Radio Arrays. AERA consists of 153 antenna stations and covers 
an area of 17 km^ (left panel). Right: lateral distribution of the radio signal of one of the high-energy events 
measured by AERA in comparisons with detailed simulations for proton or iron primaries (CoREAS [14] in 
this case, but ZHAires [15] leads to similar results). This shows that even complicated emission patterns are 
understood and reproduced by the sophisticated simulations. 


component is selected. Self-trigger has been proven, but is difficult due to radio frequency 
interference (RFI) faking the radio shower signal. The hardware used in AERA (Fig. 2) was 
and is still being optimized for large-scale applications, where further cost reduction is an 
important issue. Radio detectors can be built in a cost effective way, but this depends on two 
main aspects, the cost of an individual radio detector station and the needed density of these 
sensors. A caveat of the radio technique lies in the relatively small footprint of the detectable 
signal for vertically aiTiving air showers. However, the footprint increases drastically when 
more inclined events are measured. 

3. The AERA array was extended to be sensitive also to horizontally arriving air showers. With 
radio the electromagnetic component can still be measured for those showers, where particle 
detectors see the muon component only. 

The data of AERA and other radio experiments in combination with sophisticated simulation 
tools have led to a deep understanding of the radio emission in air showers [17]. Recent data 
analyses [18] have shown that, with the radio signal, a very good angular resolution as well as an 
energy resolution of better than 20% can be reached. In addition, the lateral distribution and the 
form of the wavefront of the radio signal are sensitive to the longitudinal shower development. This 
allows the determination of the position of the shower maximum and, therefore, a reconstruction of 
the elemental composition. AERA, covering the largest area and highest energies in radio hybrid 
experiments can investigate the emission mechanisms via detailed polarization measurements. Two 
radio emission mechanisms, the geomagnetic and the Askaryan effects, contribute mainly to the 
radio signal from air showers. For individual showers AERA can determine the contribution of the 
Askaryan mechanism to the total signal to 14% [19] on average for the measured events. 

(B) Detection of the microwave emission in air showers R W. Gorham et al. [20] proposed 
in 2008 the possible observation of extensive air showers in the microwave band. This idea was 
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motivated by the observation of a signal in the 1.5-6 GHz band during the passage of an electron 
beam in an anechoic chamber. This recorded signal was interpreted as molecular Bremsstrahlung 
radiation (MBR), i.e., an emission produced by low-energy electrons scattering on the atmospheric 
molecules. Radio emission produced by this mechanism presents interesting features: it is expected 
to be isotropic and unpolarized, with a very low natural background. If true, its main advantage is 
the possibility of instrumenting a large area with 100% duty cycle with a negligibly small atmo¬ 
spheric attenuation, using relatively cheap equipment. 

One defined five-year goal in AugerNexf concerned fhe question of whefher fhis fechnique 
provides fhe possibilify of measuring fhe primary parameters of high-energy cosmic rays. 

1. A hybrid demonsfrafor called EASIER was sef up (i.e.. Auger fanks including infegrafed horn 
antennas). A few evenfs have been defected [21], and a defailed analysis has been performed 
of a possible confribufion fo fhe measured signals by fhe molecular bremssfrahlung effecf. 

2. A non-imaging defecfion sysfem, called CROME, was exfemally triggered by the KASCADE- 
Grande detector. The CROME setup was well-suited for the detection of pulses of a few 
nanoseconds duration as expected for cosmic-ray showers. Eor more than 30 air-shower 
events a signal in the Gigahertz range could be identified in coincidence wifh KASCADE- 
Grande. The cores of fhese showers are disfribufed in a ring around fhe defectors, hinfing 
fo an emission which is boosfed in fhe forward direcfion (Eig. 3). Applying simulations de¬ 
veloped for fhe MHz frequency range was able to confirm fhe paffern and fhe polarizafion 
of fhe measured radiafion. An isofropic, unpolarized componenf of fhe signal (which would 
hinf to fhe predicted molecular Bremssfrahlung radiation) is sfill nol excluded, buf definilely 
smaller fhan expecfed by Gorham el al. in 2008. Therefore, fhe measuremenl of fhe Giga- 
herlz emission in air showers seems nol fo give a reasonable allernalive fo fhe fluorescence 
measuremenl for large-scale cosmic-ray experimenls [22]. The selup measuring simulla- 
neously in fhe E-band could nof defecl a shower signal, mainly due fo fhe increased noise 
background in fhis frequency band [23]. 

3. The feasibilify of delecfing extensive air showers (EAS) by a radar technique has been in¬ 
vestigated. If is based on fhe observalion of fhe radio waves scaflered off fhe shorl-lived 
plasma produced in fhe almosphere by fhe high-energy particles of fhe shower. Simulalions 
show fhal fhe signal received by fhe defector is slrongly dependenf on fhe geomelry of fhe 
defection sysfem. Moreover, fhe sfrengfh of fhe received signal depends on fhe frequency of 
fhe emilfed radar wave. The crucial poinf is to choose fhe optimum combinalion of fhe radar 
system parameters. Based on fhe firsl resulfs, however, no high sensilivily will be reached 
by any reasonable equipmenl [24] . 

4. The aim of EDWave is fo develop a microwave telescope equipped wifh a malrix of radio 
receivers looking fo a differenl pari of fhe sky. The idea is fo inslall GHz sensors in Iwo 
fluorescence lelescopes (ED) of fhe Auger Observalory. The optimal antenna fhal could be 
placed in fhe ED camera is a Eow Noise Block working in fhe Ku band (11 GHz). A de- 
lailed simulation of fhe delecfor equipped wifh fhis radio sensors shows fhal a good effeclive 
aperlure of fhe lelescope can be allained. Of course fhe feasibilify of fhis new defecfion 
technique depends on fhe emission inlensily and fhe degree of coherence of fhe underlying 
process. The laller has been sludied by fhe AMY experimenl using fhe 510MeV eleclron 
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Figure 3: Left: Distribution of the cores of the detected events by CROME relative to antenna positions. 
The underlying color distribution is the footprint of the C-band (3.4-4.0 GHz) of an iron-induced cosmic-ray 
shower predicted by a CoREAS simulation [22]. Right: Quantum efficiencies measured in the laboratory as 
a function of wavelength for different types of photomultiplier tubes [26]. 


beam at the Beam Test Facility of Frascati INFN National Laboratories. The MBR has been 
studied in a wide frequency range, between 1 and 20 GHz, within a huge (2m x 2m x 4m) 
anechoic Faraday chamber. Contrary to what has been reported in [20], the signal has been 
found very prompt in time like the Cherenkov radiation and it has been demonstrated that 
the observed coherence is caused by the particular time structure of the LINAC beam [25]. 
A preliminary analysis of the AMY data shows that the intensity of the observed signal is 
significantly less than the one reported in [20]. 


(C) Improvement of photo sensors There are structured activities worldwide to improve photo 
detectors. These concern vacuum photomultiplier tubes as well as the development of silicon pho¬ 
tomultipliers (SiPM). One objective in this overall package is the development of a new generation 
of focal planes for cosmic-ray air-fluorescence and Cherenkov imaging, achieving better light de¬ 
tection efficiency and a better spatial and angular resolution. Therefore, within AugerNext we want 
to test the latest developments, in order to study their capability for a next-generation experiment. 

1. After many years of not very significant advances in quality parameters of vacuum photomul¬ 
tiplier tubes, important progress has been made very recently with photo cathodes becoming 
available with improved quantum efficiencies. Super-bialkali (SBA) photo cathodes reach 
quantum efficiencies (QE) of about 35%, while ultra-bialkali (UBA) ones reach QEs of even 
up to 43% (Eig. 3, right panel). The aim is to gain experience with devices in real environ¬ 
ments and to cooperate with manufacturers for improving their overall characteristics. High 
quantum efficiency PMTs are tested at the Pierre Auger Observatory in both fluorescence 
telescopes and surface detectors [26]. 

2. A SiPM focal-plane element for the ED (EAMOUS, see Eig. 4) was designed, and a first 
prototype built and tested, as a prototype fluorescence telescope with a special light collect¬ 
ing optical system of Winston cones to increase the sensitive area [27]. The experience in 
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Figure 4: From left to right; photo of the compact FAMOUS prototype camera with the Fresnel lense and 
of the installation of a 7-pixel camera to FAMOUS, the overall photo of the RPC engineering prototype and 
a detail of the RPC structure. 

photodetection with SiPMs is also the basis of tests aiming at the potential implementation 
of those devices as a new readout system for the upgraded detectors. 


(D) Generalization of the data communication system A crucial aspect in large arrays is the 
data transfer. An advanced technique has to be developed or adapted from commercial applications 
(e.g., mobile phone technique). Autonomous detector stations in large-scale air-shower arrays will 
be part of a distributed sensor network connecting all local stations to a central data-storage unit. 
Within the project we have developed new strategies for data communication systems with flexible 
application possibilities for large-scale remote-detector arrays. We compared different approaches 
in both custom-made in-house or commercially-provided systems to reach a general, worldwide 
applicable remote-controlled communication system. In particular: 

1. One investigation focused on the adoption of a commercial, self-healing communication sys¬ 
tems implemented in AERA. We procured a commercial system of 160 radio-communication 
antennas. They have been installed and tested for their performance with respect to data rates 
and systems reliability. A high-bandwidth 802.1 In commercial wireless system in the 5.8 
GHz frequency band from Ubiquiti is used [28]. The system has shown within AERA that 
it provides a stable operation and with some additional investment can easily be scaled to 
larger applications. 

2. Detailed simulation studies are performed to develop suitable network topologies. Due to 
the structure of the communications network which interconnects the detectors of a large 
observatory, a mesh topology has been considered and a gossip-type communication protocol 
has been analyzed. The performances are analyzed and compared with the ones obtained 
from the measurements. 

3. A new, custom-made communication system in the 2 GHz range was developed which can 
transfer data over distances of 3 to 6 km with low power consumption. A long-term test was 
performed to investigate the stability, availability, failure rates, external pollution signals, etc, 
as well as to optimize the required signal strength at the sender and the receiver. The system 
was working, but was ultimately abandoned due to the success of the cheaper commercial 
system. 

(E) Studies for a hybrid muon detector The objective in this work package is to show that 
muon detectors based on the Resistive Plate Chamber (RPC) technique (see Pig. 4) can operate 
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under field conditions, i.e., demanding a low energy budget, low cost per unit area, and mechanical 
toughness. In particular, we want to explore the capabilities to measure new shower observables, 
or to improve the resolution of actual observables, namely sensitivity to the details of the hadronic 
cascade through muons. RPCs are fast and have a very good time resolution which could nicely 
be used to reconstruct single particle tracks and the longitudinal evolution of muons in a shower. 

In a hybrid operation with SD tanks this can considerably improve the composition sensitivity of a 
future detector. Within AugerNext we produced and tested with a first prototype the capability and 
robustness of RPC-based detectors for large-scale applications. We showed that RPCs can serve 
as a large, cheap, and robust timing detector. A first prototype (including readout electronics) is 
deployed in Argentina, where the data is presently being analyzed [29]. 
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a wide range of efforts that link schools and the public with the Auger scientists and the science 
of cosmic rays, particle physics, and associated technologies. We focus on the impact of the Col¬ 
laboration in Mendoza Province, Argentina and beyond. The Auger Visitor Center in Malargiie 
has hosted over 95,000 visitors since 2001, and a fifth Collaboration-sponsored science fair was 
held on the Observatory campus in November 2014. The Rural Schools Program, which is run 
by Observatory staff and which brings cosmic-ray science and infrastructure improvements to re¬ 
mote schools, continues to broaden its reach. Numerous online resources, video documentaries, 
and animations of extensive air showers have been created for wide public release. Increasingly, 
collaborators draw on these resources to develop Auger related displays and outreach events at 
their institutions and in public settings to disseminate the science and successes of the Observa¬ 
tory worldwide. We also highlight education and outreach activities associated with the planned 
upgrade of the Observatory’s detector systems and future physics goals. 
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1. Introduction 


Education and public outreach (EPO) have been an integral part of the Pierre Auger Observatory 
since its inception. The collaboration’s EPO activities are organized in a separate Education and 
Outreach Task that was established in 1997. With the Observatory headquarters located in the 
remote city of Malargue, population 28,000, early outreach activities, which included public talks, 
visits to schools, and courses for science teachers and students, were aimed at familiarizing the 
local population with the science of the Observatory and the presence of the large Collaboration 
of international scientists in the isolated communities and countryside of Mendoza Province. As 
an example of the Observatory’s integration into local traditions, the Collaboration has participated 
in the annual Malargue Day parade since 2001 with collaborators marching behind a large Auger 
banner (see Pig. 1). Close contact with the community fosters a sense of ownership and being a 
part of our scientific mission. The Observatory’s EPO efforts have been documented in previous 
ICRC contributions [1,2]. We report here highlights of recent activities, as well as plans for future 
activities related to the upgrade of the Observatory. 



Figure 1: Auger collaborators participating in the November 2014 Malargiie Day parade. 


2. The Auger Visitor Center in Malargiie 

The Auger Visitor Center (VC), located in the central office complex in Malargue, continues to be 
a popular attraction. Through Pebruary 22, 2015, the VC has hosted 93,475 visitors. Pig. 2 shows 
the integrated number of visitors since Nov. 2001. The noticeable increase of visitors since 2008 
occurred after the opening of a nearby planetarium [3] in August of that year. The VC is managed 
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by a small staff led by an Observatory employee; they share the task of giving presentations and 
tours to visitors and school groups. The upgrade of the Observatory provides an opportunity to 
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Figure 2: The integrated number of visitors logged at the Auger Visitor Center since 2001. 


modernize the local visitor center, and thereby re-inviting people who have seen the Observatory in 
the past to relive this experience. It shows a genuine interest of the Collaboration to communicate 
with the people from Malargiie about the science and tools of the Observatory. The modernization 
of the center will enable visitors to tour the exhibit on their own. Audio and video displays explain 
the Observatory. Several objects and 3D models will help to understand the different topics. At 
the same time, the setup of the VC will be flexible enough to allow for lectures to complete school 
classes. A possible new layout is shown in Fig. 3. 

3. The Rural Schools Program and Education Fund 

The Rural Schools Program, initiated by the Observatory staff who volunteer their time, continues 
to bring information about the Observatory and needed infrastructure improvements directly to 
remote schools that otherwise have difficulty exposing their students to the Observatory. The Rural 
Schools Program is supported by an Education Fund managed by the Observatory staff who collect 
voluntary financial contributions from collaborating institutions and individuals. 

4. The 2014 Auger Science Fair 

The Observatory hosted its fifth biannual Science Fair in the Assembly Building on November 19- 
21, 2014, as shown in Fig. 4. Thirty-three student teams from all over Mendoza Province, with 
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Figure 3: Impression of a possible upgraded Auger Visitor Center in Malargiie. 


ages ranging from primary school through high school, presented research projects in the areas of 
natural science, exact science, and technology. More than 30 Auger collaborators, from different 
nationalities, and a few invitees served as judges for the student projects. Prizes were awarded to 
the top teams in several categories in the closing ceremony on November 21. The November 2014 
Science Fair owes its success to the Observatory staff, the collaborators who served as judges, the 
Municipality of Malargiie, the participating teachers and students, and special mention goes to the 
lead local organizers: Miguel Herrera, Fabian Amaya, and Alicia Piastrellini. 



Figure 4: Left: A photo of the 2014 Science Fair. Right: The participants of the Fair. 
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5. Public Event Display and Data for Outreach Purposes 

The Auger public event display allows the general public to see what information is recorded from 
an incoming air shower, and grasp the steps involved into obtaining information on the incoming 
cosmic ray creating this air shower. Until now, 1 % of the data has been available for outreach 
purposes [4]. However, the Collaboration has committed to increasing this fraction to 10 % of the 
data without an upper limit on the event energy. This widens the target group for outreach purposes 
to include even university students for whom statistical tools and analysis packages such as VISPA 
[5, 6, 7, 8] are available to handle substantial amounts of data. At the same time, high school 
students are able to make online selections on the events they would like to see or use for their 
own purposes thereby reducing the data volume while increasing the number of interesting events 
substantially with respect to the current situation. 


6. Selected Outreach Activities Outside MalargUe 


6.1 VISPA 


With the VISPA internet platform [5, 6, 7, 8], physics analysis can be performed in a web 
browser without the need of any software installation. On the start page of the VISPA platform, 
an overview of different physic examples is presented as shown in the screenshot of Fig. 5. The 
examples can directly be executed and the analysis code can be modified or extended by the user. 



Astroparticle Examples 
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public data set (1 % of all events) ^ .. i 
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extragaiactic magnetic fieid. 


Open exampie 


Figure 5: Left: Examples using the Auger public data set. Right: Simulations using the CRPropa package. 


In the analysis of the Auger public data set, the energy distribution and the arrival directions 
of cosmic rays at the highest energies are visualized. Furthermore, the propagation of cosmic rays 
through the universe can be simulated using the CRPropa software package [9]. It reveals that the 
propagation of UHECRs is essential to understand the data distributions and to find fhe sources of 
cosmic rays. 

6.2 Outreach Activities in Argentina 

The Pierre Auger Observatory has played a prominent role in temporary exhibits in Mendoza 
(La Brujula, "The Compass" [10]) and Technopolis in Buenos Aires [11]. These exhibits attract 
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in total several million visitors, and are important events in Argentina that promote science for the 
general public. In addition to these temporary exhibits, the Observatory is permanently present in 
the planetarium in Buenos Aires [12], as can be seen in Fig. 6. 



Figure 6: Permanent setup of the Pierre Auger Observatory at the planetarium in Buenos Aires. 


6.3 Outreach Activities in Romania 

The popular European Space Expo, an initiative of the European Commission, made a stop in 
Craiova, Romania, April 19-27, 2014 [13], and attracted over 50,000 visitors. The Expo highlights 
numerous European space programs using interactive touch-screen displays and attractive signage, 
providing information on space science to the general public in an accessible way. Auger Col¬ 
laborators from the Institute of Space Science (ISS) in Bucharest have given several presentations 
about the Pierre Auger Observatory during the Expo’s visit, as shown in Eig. 7. Eurthermore, this 
group provided a featured speaker who discussed the Pierre Auger Observatory during the Euro¬ 
pean Researchers Night [14] which takes place each year simultaneously in many European cities. 
The September 24, 2014, event in Bucharest was held in a public park and attracted hundreds of 
people. 

During the ISS open house event of 2015 [15], which targets young students and teachers who 
want to learn about the Institute’s scientific and education programs, the Pierre Auger Observatory 
was prominently featured by our collaborators. 

These activities have led to several interviews on radio and television about the Observatory 
and the upgrade plans for the Observatory [16, 17], reaching wide audiences throughout the coun¬ 
try. The ISS group recently released an informative YouTube video [18] about the Central Raman 
Eidar Eacility at the Observatory. 

7. Conclusions 

The PieiTe Auger Observatory continues to provide unique education and outreach opportuni¬ 
ties which expose people of all ages to the excitement of astroparticle physics. Its Visitor Center, 
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Figure 7: Romanian collaborator R Gina Isar speaking about the Pierre Auger Observatory at the European 
Space Expo in Craiova in April 2014. 


Rural Schools Program, and Science Fairs have great local impact near Malargue, while collab¬ 
orators around the world ensure that the Observatory’s science and successes have international 
reach. The planned upgrade of the Observatory provides an excellent opportunity to modernize the 
Visitor Center and discuss the physics of the upgrade on the internet and in outreach events around 
the globe. 
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